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Appl. Phys. Lett.., vol. 38, p. 620, 1981.

’ 5.9 A, Pan and J.E. Greene, "Interfacial chemistry effects on the adhesion
2 of sputter deposited TiC films to steel substrates,” Thin Solid Films
o (to appear). '

$.10 A. Roockett, T.J. Drummond, J.E. Greene, and H. MNorko¢, “Surface
segregation model for Sa in MBE-grown GaAS”, J. Appl. Phvs. (to appeax)

" §.11 L.C. Witkowski, T.J. Drummond, 8.A. Barnett, H. Morkogs, A.Y. Cho, aad
S J.B. Greene, "Properties of high mobility GaAs/G -gAlzAs single period

' modulation doped heterojunctions.” Electronics +» vol. 17, p. 126,
1981. '
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R.¥. Andrestts, J.G. Eden, D. Lubben, and J.E. Greene, Invited Paper:
*“Deposition of thin amorphous Si and Ge films by the mltraviolet
photodissociation of silane of germane,” Yorkshop on the Intersstion of

lasex Radiation with Sucface for Application to Microelectropics, MIT
Cembridge Mass, May 1981.

R.¥. Andreatts, D. Lubben, J.G. Eden, and J.E. Greene, “Growth of Si and
Ge thia films by laser—induced chemical vapor deposition,” 28th Annual

Amezican Yacunm Scc. Meeting , Amaheim, CA, October 1981.

K.C. Cadien, A.H. Eltoukhy, and J.E. Greene, "Growth of novel materials
by glow discharge sputtering: Single crystal metastable (GaSb)
allops.~ 5th Intl. Svaposinm oo Plasms Chemistry. Edisburgh, Scoliiads
August 1981

K.C. Cadien, M.A. Ray, S.M. Shin, J.M. Rigsee, S.A. Barnett, and J.E.
Greene, “Ion mixzing during film deposition: Growth of metastable
semiconducting and metallic alloys,” 28th Apnual American Vacuum Soc.
Meeting. Ansheim, CA, October 1981.

K.C. Cadien, N.A. Ray, S.M. Shin, J.M. Rigsbee, S.A. Barnett, and J.E.
Greene, “"Ion mixing effects duriag film deposition: Growth of
semiconducting and metallic alloys,” Materisls Research Societv Meetinsg.
Boston, MA, November 1981,

J.B. Greene, Invited Paper: “Low energy ion bombardment enhanced
effects during orystal growth from the vapor phase,” 3rd Brazilian

Miszoelectronics Conf., University of Campinas, Campinas, Brazil, July
1981.

J.E. Greene, Invited Paper: "Reactive ion etching of GaAs,” 3rd

Brazilian Microelectronics Conference., Univ. of Campinas, Campinas,
Brazil, July 1981.

J.E. Greene, Invited Paper: “Fila growth from the vapor phase.” Jhe

Chenistzy and Phvsics of Ihin Films: Device and Coating Jechnology.
Univ. of Illinois at Chicago Circle, Chicago, IL September 1981.

J.B. Greene, Invited Paper: "Non-equilidbrium growth of new single
orystal metastable semiconducting alloys”, Phvsics and Chemistry of
Senigondnctor Intexfaces., Pacific Grove, CA, 1982.
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$.21 1.B. Greese, K.C. Cadien, D. Lubben, G.A. Hawkias, G.R. BEricson, asd
J.R. Clask, "Epitaxial Ge/GaAs heterostructures by scanned CV laser

&m&lme@-’ﬂolwcnum”mm Sociaty Mesiins.
Boston, MA, November 1941.

' $.22 M.C. Gremder, P.N. Uppel, L.C. Burtos, L. Rivend, asd J.B. Greess,

Invited Papex: “Composition mlnh of heterojumctions by means of
eleatzon and optiecal qpnttomtu."  24th Asanal Symposimm, San
‘tw ﬂ. Anguat 1m.

5.23 l.l. Elinger and J.B. Gzeons, kvitﬂ Paper: "Resctive ion etohing of
Gsds®, Tasal Ith Amumal Dlssma Ssminaz, Palo Alto, CA, April 1981.

i.l. m r dnd’ J-' .l. Greens, Invited paper: "Reactive jon etching of
cC 1oF5, % ﬂ‘*‘-“uud dischazges.” Doy Progess Srapssium.

64 8. uzu. N 7, lntum R, Adlex m B. J. Bmsiager, "Node oconversion

usisg & modified mtutrl% coupler,” INER Izaas. ma nnn aad
mmm vol. $0=38, so. 6, pp. 4604770, Nov. 1981,

6.3 N J. lﬁdus ssd B. J. Msm«t. "Charge transport by surface scoustic

vaves ia M " mmm Aug. 1982 (to tmu-).
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Conference Papexs

6.3 R. Miller and B. J. Hunsinger, "A comparison of feeding techniques for
group—type unidirectional transducers,” 4th Publication, - IEEE
Dltzasonics Svmposium. pp. 1-6, 1981.

7. SURFACE STUDIES

Jouzaal Articles

7.1 @. Bhrlich, "Diffusion in surface layers,” CRC Criticsl Reviews of Solid
State and Naterial Science. vol. 10, pp. 391-409, 1982.

7.2 H.-W. Fiok and G. Ehrlich, "Direct observatioa of overlayer structures
on W(110),” Surface Science, vol. 110, pp. L611-L614, 1981,

Conference Papers

7.3 G. Ehrlich and K. Stolt, "Quantitative studies of individual atoms and
clusters on solids,” 39th Annnal Proc. of the Electron Microscopy
Society of America, G. W. Bailey (ed.), Claitor'’s Publishing Div., Baton
Rouge, pp. 2-5, 1981.

7.4 G. Ehrlich, "Direct observation of atoms on metals,” Kendall Award
Lecture, American Chemical Society, Las Vegas, March 1982 (abstract).

7.5 G. Ehrlich, "Diffusion on metals - A view on the atomic 1level,”
Conference on Atomic Diffusion on Amorphous and Crystallime Surfaces,
Rutgers University, April 1982 (abstract).

7.6 H.-W. Fisk and 6. Kirlich, "Overlayer growth and atomic interactions on
¥(110),” 4th European Conf. on Surface Science, University of Mumster,
V. Germany, Sept. 1981 (abstract).

7.7 B.-VW. Fink and G. Ebhrlich, “Biading energy of individual atoms to
epitaxial surface layers,” Physical Electronics Conf., Atlanta, June
1982 (abstract).
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Technical Reports
L 7.8 S. G. Brass, "Dissociative chemisorption of methane on tramsition
i metals,” CSL Repot R-939, Feb. 1982, UILU-ENG 82-220S.
:ij 7.9 B. H., Chia, “Formation of silicon aitride structures by ;liroct
E electron-beam writing,” CSL Report R-940, Feb. 1982, UILU-ENG 82-2206.
3
“ 8. ELECTRONMAGNETIC COMMUNICATION, RADIATION AND SCATTERING )

Journsl Articles

8.1 8. Kobayashi, R. Lampe, R, Mittra, and 8. Ray, "Dielectric rod leaky-
wave antennas for millimeter—-wave applications,” IEEE Irans. on Antennss
and Propagation, vol. AP-29, no.5, pp. 822-824, Sept. 1981.

8.2 S. Kobayasi, R. Mittra, and R. Lampe, "Dielectric tapered rod antennas

for millimeter-wave applications,” JEERE Irzans. on Antenpas and
Propagation, vol. AP-30 no. 1, pp. 44-53, Jan. 1982,

8.3 R, Nittra and R. Kastner, "A spectral domain approach for computing the
radiation characteristics of a leaky-wave antenna for millimeter waves,”

IEEE Icans. on Antennas and Propagation, vol. AP-29 no. 4, pp. 652-654,
July 1981.

8.4 T. R. Trinh and R. MNittra, "Coupling characteristics of planar
dielectric waveguides of rectangular cross—section,” JEEE Trans. on

Miczowave Theory and Technigues., vol. MIT-29 no. 9, pp. 875-880, Sept.
19810 .

8.5 T. Trinh, R. Mittra, and R. Palets, “Hora image-guide leaky-wave

antenna,” JEEE Izaas. on Microwave Theory and Iechnidues. vol. MIT-29
no. 12, pp. 1310-1314, Dec. 1981.

8.6 T, Trioh and R. Mittra, *Field profile in a single-mode curved
dielectric waveguide of rectangular cross section,” JEEE Irans. on

Microwave Theorvy and Technigues, vol. MIT-29 no. 12, pp. 1315-1318, Dec.
1981,
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8.7 N, Deo and R, Mittra, "Nillimeter wave integrated circuits and systems,”
Allerton Antenns Symposium, Monticello, IL., Sept. 23-25, 1981.

o
N .
N 8.8 R. Kastner and R. Nittrs, "Numerically rigorous inverse scattering using
stacked 2-D spectral-iterative approach,” IEEE AP-S and URSI Symposium,
; Albuquerque, NM, May 24-28, 1982.
o 8.9 R. Kastner and R. Nittra, ”"A comparative study of the stacked 2-D
et spectral iterative technique, the moment method, asymptotic techmigues
o and theBojarski’'s 3-D—X-space method,” IEEE AP-S gnd URSI Symposium,
; - Albuqurqn.. Ni., May 24-28, 1982.
| 8.10 R. Kastner and R. Mittra, "Application of the stacked 2-D spectral-
. iteration technique (SIT) to perfectly conducting cylinders with H-mode
- excitation and to dielectric cylinders,” IEEEAP-S and URSI Symposium,
- Albuquerque, NM., May 24-28, 1982.
8.11 S. Ray, R. Nittra, T. Trinh, and - R. Paleta, "Recent developments in
millimeter—wave antennas,” Allerton Antennas Symposium, Monticello, IL.,
.2 s.’to 23-25. 19810
-
8.12 S. Ray and R. Mittra, "Spectral-iterative analysis of dieleviric rod
" antennas,” IEEE AP-8 and URSI Symposium, Albuquerque, N, May 24-28,
1982,
r\ 8.13 A. Ciarkowski and R. Nittra, "Plane-wave diffraction by a wedge—A
. spectral domain approach,” EM Lab Report 81-9, Nov. 1981.
| [" 8.14 R. Kastner and R. Mittrs, “Spectral-domain iterative techniques for
e snalyzing electromagnetic scattering from arbitrary bodies,” EN Lab
s Report 82-1, June 1982.
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xxvi PUBLICATIONS
9. PLASNA PHYSICS
9.1 8. Ault, R. Raether, and S. Sobhanian, "Response of the selectric "field
in a positive-columa in helium to a current perturbation.” I. of Applied
Physics, vol. 52, mo. 9, p. 5483, 1941,
10. RAREFIED GAS DMCS AND COMPUTATIONAL GAS DINANICS

dournal Articles

10.1 S. M. Yen and F. G. Tcheremissine, "MNonte Carlo solution of the
nonlinear Boltimann equation,” Rarefied Gas Dynamica, Progress in
Astronautics and Aeronmautics, vol. 74, pp. 287-304, 1981.

10.2 S. M. Yen, "Numerical solution of the Boltzmann and Krook equatioas for
s condensation problem,” Rarefied Gas Dynamics, Progress ia
Astronautics and Aeroiautics, vol. 74, pp. 356-362, 1981,

10.3 8. M. Yen and T. Ytrehus, "Treatment of the monequilibrium vapor motionm
sear an evaporating interphase boundary.” Chemical Easineering
Commanications, vol. 10, pp. 357-367, 1981.

10.4 V. P. Valters and S. M. Yea, "Nean free path of emitted gas from
spaceczaft,” J. of Yacuum Science Ischnology, vol. 20, mo. 2, p. 255,
Feb. 1982. .

Confezence Panexs

10.5 D. R. Hall and S. N. Yea, “Implementation of nonreflective boundary
coadition at the outflow boundary,” Proc. of Conf. on Numerical
Isplementation of Boundary Conditions, Ames, CA, p. 45, Oct. 1981.

10.§ 8. M. Yen sad 8. R. Lee, "Numerical solution of the Euler equation for

s oompressible flow prodlem,” 8th JIntergations]l Conf. on Numerical

Masthods ia Fluid Dynamigs. Aschen, Germany, June 1982 (to be
published) .
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= Jonzaal Articles
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11.1 J. A. Abraham and D. D. Gajski, “"Design of testable structures

. described by simple 1loops.” IEEE Izans. on Computers, vol. C-30, pp.
o 875-884, Nov. 1981.

11.2 T. C. K. Chow and J. A, Abraham, "Load balamcing in distributed

systems,” JEEE Irans. on Software Engineering, vol. SE-8, pp. 401-412,
July 1982,

- 11.3 J. H. Patel, "Performance of processor-memory intercommections for

. multiprocessors,” JEEE Irans. on Computers, vol. C-30, pp. 771-780,
. Oct. 1981.

11.4 J. H. Patel, "Apalysis of multiprocessors with private cache memories,”

IEEE Irans. on Computers, vol. C-31, pp. 296-304, April 1982.

11.5 J. H. Patel and L. Y. Fung, "Concurrent error detection im ALUs by

u recomputing with shifted operands.,” JEEE Izans. on Compntexrs, vol. C-
31, pp. 589-595, July 1982.

11.6 D. W-L. Yen, J. H. Patel and E. S. Davidson, "Memory interferemce in

synchronous multiprocessor systems,” JEEE Irans. on Computers, vol. C-
. 31, Nov. 1982 (to appear).

11.7 P. C-C, Yeh, J; H. Patel and E. S. Davidson, "Shared cache for
'y multiple-stream computer systems,” IEEE Irans. on Computers., vol. C-31,
L Dec. 1982 (to appear).

ve ¥
- .
.

S Conference Papers

I‘l,: 11.8 J. A. Abraham, "Functiomal level test gemeratiom for complex digital
e systems,” (Iavited position paper), Digest 1981 Iatezmational Iest
Conf., Philadelphia, Pennsylvania, pp. 461-462, Oct. 1981.

e 11.9 R. M. Apte, N.-8. Chang and J. A. Abraham, "Logic function extraction

for NMOS ocircuits,” Proc. 1982 Inteznational Conf. on Circuits and
Computesrs, New York, Sept. 1982 (to appear).
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11.10 P. Banerjee and J. A, Abraham, “Faslt Charssterization of MO8 VLSI

circuits,” Proc. 1982 Iatersatiomal Coanf. ea Cirxsnits and Computers.
New York, Sept. 1982 (to appear).

11.11 P, Bose and J. A. Abraham, “Test geserzatioa for programmable logic

arrays,” Proc. 19th Desiga Antomation Conf.., Las Vegas, pp. 374-500,
June 1982.

11.12 @. F. Grohoski and J. H. Patel, "A performaace model for instructios
prefetch ia pipelined instruction wumits,” Progc. 1982 Interamatiomsl
Conf. on Pazallel Processing. pp. 248-252, Aug. 1982.

11.13 K. Huang and J. A. Abraham, "Low cost schemes for fault toleramce i=
matriz operations with array processors,” Prog. 12th

International
Symposium on Fault-Tolerant Computing., Sants Momics, Csliforais, pp.
330-337, June 1982.

11,14 K. Huang and J. A. Abraham, "Efficient parallel algorithms for

processor  arrays,” Proc. 1982 International Conf. oa Parallel
Processing, Bellaire, Michigan, pp. 271-279, Aug. 1982,

i
ot

11.15 A. J. Kessler and J. H. Patel, "Reconfigurable parallel pipelines for
\ | fault tolerance,” Proc. 1982 Imtermational Comf. on Ciremits apd
~ Computers, Sept. 1982 (to appear).

11.16 G.-P. Mak, J. A. Abraham asnd E. 8. Davidson, "The design of PLAs vwith

concurrent error detection,” Proc. 12th Intexaational Symposium on
F Faunlt-Tolexant Computing, Ssnta Momica, Califorais, pp. 303-310, Jume
1982.

11.17 R. L. Nortos asd J. A. Abraham, “Using write bdack cache to improve
- performance of multiuser multiprocessors,” Prog.

1982 Interanational
Conf. o Pazallel Processing, Bellaire, Michigan, pp. 326-331, Aug.
1982,

11.18 J. H. Patel, "A performance model for multiprocessors with private

cache memories,” Prog. 1981 Intexnational Conf. on Eazallel Processing.
pp. 314-317, Aug. 1981.

11.19 J. B. Patel and L. Y. Fuung, "Multiplier and divider arrays vwith
concurrent error detection.,” Proc. 1982 JIatersational Symposima on
Fault-Tolezant Computing, pp. 325-329, Juse 1982,

11.20 J. H. Patel, "Application of time-reduadamcy to fault-tolerance,” Prog.
1982 National Electzopics Conf., Oct. 1982 (to appear).
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A. R, Pleszkun, B. R. Rau, and E, 8. Devidson, “Aa address prediction
mechanism for reduciag processor-memory address bandwidth,” JEEE

Computer Society ¥Yorkshov on Computex Axchitecture for Pattern Analvsis
and Image Database Management. pp. 141-148, Nov. 1981.

12. APPL1ZD COMPUTATION THEORY

Jouzrpal Articles

12.1

12.2

12.3

12.4

12,5

12.6

12.7

12.8

12.9

L. N. Adleman and M. C. Loui, “Space-bounded simulation of multitape
Turing machines,” Math. Svstems Iheorv, vol. 14, nmo. 3, pp. 215-222,
July 1981,

A. Apostolico and F. P. Preparatas, “Optimal off-line detection of
repetitions in a string.” Theoretical Computer Sciepce (to appear).

B. S. Baker, D. J. Brown and H. P. Katseff, "A 5/4 algorithm for two—
dimensional bin packing,” J. Algorithms, vol. 2, pp. 348-368, 1981.

B. S. Baker, D. J. Brown and H. P, Katseff, “Lower bounds for on—line
two-dimensional packing algorithms,” Acta Informatica (to appear).

J. L. Bentley and D. J.‘Brown. YA general class of resource trade-

offs,” J. of Computer and Systom Sciences (to sppear).

J. L. Bentley, M. G. Faust, and F. P. Preparata, "Approximation

algorithms for convex hulls,” Communications of the ACM, vol. 25, nmo.
13 Pp. 64‘68. I“o 1982.

G. Bilardi, M. Pracchi and F. P. Preparata, "A critique of network
speed in VLSI models of computation,” IEEE J. of Solid State Circuits
(to appear).

D. T. Lee and F. P, Preparata, "An improved algorithm for rectangle
containment,” J. Algorithms (to appear).

W. Lipski, Jr. and F. P. Preparata, "Efficient algorithms for finding
maximum matochings ia comvex bipartite graphs and related problems,”

Asta Informatica, vol. 15, pp. 329-346, 1981,
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12.10

12.11

12.12

12.13

12.14

12.15

©12.16

12.17

12.18

PUBLICATIONS

M. C. Loui, "A space bound for ome-tape multidimensional Turing

machines.” Theoretical Computer Science., vol. 15, no. 3, pp. 311-320,
Sept. 1981.

M. C. Loui, "Simulations among multidimensional Turing wmachines,”
Theozetical Computer Sciemce (to appear)

N. C. Loui, "Minimizing access pointers into trees and arrays,” J. of
Computer and Svatem Sciences (to appear)

M. C. Loui, "Optimal dynamic embedding of trees into arrays,” SIAMN I.
of Computing (to appear)

J. Nievergelt and F. P. Preparata, "Plane-sweep algorithms for
intersecting geometric figures,” Communications of the ACM (to appear).

F. P. Preparats, "A new approach to planar point location,” SIAN J. of
Computing., vol. 10, no. 3, pp. 473-482, Aug. 1981.

F. P. Preparata, "An area-time optimal mesh-conmnected multiplier for
large integers,” IEEE Irana. on Computing (to appear).

F. P. Preparata, "Optimal three—-dimensional VLSI layouts,” Mathematical
Syatem Theozry (to appear).

F. P. Preparata and K. J. Supowit, "Testing a simple polygon for

monotonicity,” JIaformation Processing Letters, vol. 12, no. 4, pp.

Conference Papexrs

12.19

12.20

12.21

..............
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ey .

N. Ahuja sad S. Swamy, “Multiprocessor pyramids for bottom—-up image

analysis,” Proc. of the Conf. o2 PEattera Resogaition and Imase
Progessing, Las Vegas, NV, pp. 380-385, Juae 1982.

N. Ahuja and S. Swamy, "Interleaved pyramid architectures for bottom—up

image analysis,” Progc. of ihe €6th Iatexaational Conf. on Pattera
Rasognition, Munich, Germany, Oct. 1982 (to appear).

G. Bilardi, M. Pracchi and F. P. Preparata, "A ocritique and an
sppraisal of VLSI models of computation,” Progc. of CMU Conf. on YLSI
Syatens and Computations, Pittsburgh, PA, pp. 81-88, Oct. 1981,
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12,22 D. J. Browa aad R. Rivest, “New lower bounds for chammel width,” Prog.

O Conf. on YLSI Svstems and Computstions, Pittsburgh, PA, pp. 178
185, Oct. 1981.

12.23 M. C. Lowi, "Simulations among multidimensional Turing machimes,”. Prog.

of the 22nd Aannal Symp. om Foundations of Computer Sciepce. Nashville,
TN, pp. 58-67, Oct. 1981.

12.24 F. P. Preparata, "Aa area-time optimal mesh-comnected VLSI integer

multiplier,” Proc. QMU Conf. on VLSI Svstems and Computations.
Pittsburgh, PA, pp. 311-316, Oct. 1981.

Jechnical Reports

12.25 G. Bilardi, "Average case analysis of an adjacency map searching
technique,” CSL Tech. Report ACT-31, Dec. 1981.

12.26 G. Bilaxdi, M. Pracchi and F. P. Preparata, "A oritique and an
appraisal of VLSI models of computation,” CSL Tech. Report ACT-28, Aug.
1981.

12.27 N. C. Loui, "Optimal dynamic embedding of trees into arrays,” CSL Tech.
Report ACT-29, Aug. 1981.

12.28 M. C. Loui and G. Bilardi, “The correctness of Tisan’s method for
generating prime implicants,” CSL Tech. Report R-946, Fedb. 1982,

12.29 F. P. Preparata and W. Lipski, "Optimal three—layer chanmel routing,”
CSL Tech. Report ACT-34, May 1982.

13. ADVANCED AUTOMATION

Books

13.1 N. Abuja and B. Schachter, Pattern Models, Wiley 1982,

13.2 N. Ahuja, "Mosaic Models for Textures,” in A. Rosenfeld (ed.), JImage
Modeling, Academic Press, pp. 1-8, 1981.
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a8 18.3 N. Ahujs aad A. Rosenfeld, “Image Models,” ia P. R, Krishusiah asd L.
g . N. Kanal (eds.), Handbook of Statistics., Volume 2, North Holland, 1982 ]
' ( to appear). !

:jf' 13.4 N. Ahuja and A. Rosenfeld, "Fitting Mosaic Models to Textures,” ia R. J
M. Hazalick (ed.), Image ZTexture Analvsis, Plenum Press, 1982 (to

F appear) .
]

= 13.5 6. F. DeJong, "Aa Overview of the FRUMP System,” in W. Lehnexrt and M.

Riangle (eds.), Strategies for Natmzal Lansuase Processing, Lawrenmce
Erlbaum Associates, 1982 (to appear).

A

13.6 R. Schank, J. Kolodner snd 6. DeJong, “Conceptusl Information -
Retrieval,” in R. N. Oddy, S. E. Robertson, C. J. van Rijsbergen and P. 1

W. Williams (eds.). Information Retrieval Reaearch., Butterworths,
London, 1981. ;

13.7 D. L. VWaltz, "The State-of-the-Art in Natural Language Understanding,”’

in V. Lehnert and MN. Ringle (eds.), Strategies for Natural Laansuage
Processing, Lawrence Erlbaum Associates, 1982 (to appear).

13.8 D. L. Waltz, "Generating and Understanding Scenme Descriptions,” in A. J

Joshi, I. Sag and B. Vebber (eds.), Elements of Discourse
Undezrstanding, Cambridge University Press, pp. 266-282, 1981.

Journal Articles J
13.9 N. Ahuja and B. Schachter, “Image Models,” ACM Computing Survevs. pp. 1
373-398, Dec. 1981, 1

N

N

13.10 N. Ahuja, "Dot Pattern Processing Using Voromoi Neighborhoods,” IEEE

.'g.ga- Battern Analvsis and Machine Intelligence. pp. 336-343, May a

:?'j—: 13.11 N, J. Bridwell and T. S. Huang, "A Discrete Spatial Represeatation for y
N Lateral Motion Stereo,” Computer Gzaphics aad Image Processimg (to R

h appear).

13.12 G. F. DeJong and D. L. VWaltz, "Understanding Novel Language,”
Iateznational Journal of Computers and Mathematics (to appear).

e 13.13 D. L. VWaltz, "Actificial Intelligence,” Sgientific American (to |
appear).
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Conference Papers
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16.20 P. Yang, I. N. Hajj, and T. N, Trick, "Tearing and multilevel
exploitation of 1latency in a circuit simulation program,” Proc. of

Enzovean Conf. on Cirxcuit Iheory and Design, North Holland Publishing
Company, Amsterdam, pp. 157-163, Aug. 1981.

Techaical Reports and Iheses

16.21 N. Attaie, "Optimized structures for switched-capacitor filters,”
Coordinated Sciemce Laboratory Report R-934, University of Illinois,
Urbana, IL, October 1981.

16.22 R. D. Davis, "Computer amalysis of switched—capacitor filters includiag
sensitivity and distortion effects.” Ph.D. Thesis, Department of
Electrical Engineering, University of Illinois at Urbana-Champaign,
Ooct. 1981.

16.23 MN. M. Hanlon, "Simulating switched~capacitor filter noise usinmg circuit
snalysis programs,” M.8. Thesis, Department of Electrical Enginsering,
University of Illimois at Urbana-Champaign, Oct. 1981.

16.24 D. E., Hocevar, "Automatic tuning algorithms and statistical ocircuit
design,” Ph.D. Thesis, Department of Electrical EBagineering, University
of Illinois at Urbana-Champaign, June 1982,

16.25 C. N. Lam, "The analysis and design of a CMOS operational amplifier,”
M. 8. Thesis, Department of Electrical Eagineering, University of
Illinois at Urbana~Champaign, June 1982,
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16.26 V. B. Rao, "Algorithms for a multiple-delay simmlator,” M. S. Thesis,
Department of Eleotrical Eagineering, Univezsity of Illinois at
Urbana—Champaign, Nay 1982,

16.27 J. H. Stothoff, "State space design of MOS sampled-dats filters,”. M. S.
Thesis, University of Illinois, Urbanma, IL, Oct. 1981.

17. DECISION AND CONIROL

Books

17.1 Tamer Basar and G. J. Olsder, Dynsmic Noncooperative Game Theoxy.
Academic Press, London/New York, 1982,

Book Chapters

17.2 Tamer Basar and J,. B, Cruz, Jr., "Concopts and methods ia multipersom
coordination and ocontrol,” in Ootimization and Control of Dynamic
Resesxch Models, S. G. Tzafestas (Ed.), North Holland,

1982.

17.3 H. Salhi and D. P. Looze, "A decomposition algorithm for s second order

elliptic operator using asymptotic expansions,” in System Nodelins and
» R. F. Drenick and F. Kozin, (Eds.), Springer-Verlag, New
York, pp. 374-383, 1982,

Jouznal Articles

L 4
17.4 S. Ahmed-Zaid, P, VW, Sauver, M. A. Pai and M. K. Sarioglu, *"Reduced
order modelling of synchromous machines using singular perturbation,”

IEEE Izans. on Cironits and Systems (to appear).

17.5 A. Bagchi and Tamer Basar, “Stackelberg strategies in linear—quadratic
stochastic differential games,” J. of Optimization Theoxry and
M’ 701. 35: no. 35 PP “3"'“4. Nova 19810

17.6 Tamer Basar, "Equilibrium strategies in dynamic games with multi-levels
of hierarchy,” Automatiocs, vol. 17, no. §, pp. 749-754, 1981.
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Tamer Basar, “A general theory for Stackelberg games with partial state
information,” Large Scale Svatems. vol. 3, no. 1, pp. 47-56, Jan. 1982.

T. Basar, "Performance bounds for hierarchical systems nunder partial

dynamic information,” J. of Optimization JTheory and Applications, 1982
(to appear).

Tamer Basar, "The Gaussian test channel with an intelligent jammer,”

IEEE Irzans. on Informstion Iheogy, vol. IT-28, no. 1, Jan. 1983 (to

appear).

T. U. Basar and Tamer Basar, “Optimum coding and decoding schemes for
the transmission of a stochastic process over a continuous-time
stochastic channel with partially unknown statistics,” Stochastics.
1983 (to appear). ]

A. Bensoussan, ”"Singular perturbation results for a class of stochastic

control problems,” IEEE Trans. on Antomatic Comtrol, vol. AC-26, No. 5,
PP, 1011-10800 °°t. 19810

D. Cobb, "On the solutions of 1linear differential equations with
singular coefficients,” J. of Difforentisl Eauations, 1982 (to appear).

D. Cobb, "Descriptor variable systems and optimal state regulation,”
IEEE Izans. on Automatic Comtrol. 1982 (to sppear).

J. B, Cruz, Jr., D. P. Looze and W. R. Perkins, "Sensitivity analysis

of nonlinear feedback systems,” J. of the Franklin Institute., vol. 312,
no. 3/4, pp. 199-215, Sept./Oct. 1981.

J. D. Daxragh and D. P. Looze, "Noncausal minimax state estimation for
systems with uncertain second oxder statistics,” JEEE Trans.- on

Automatic Coptrol (to appear).

J. S, Freudendberg, D. P. Looze and J. B. Cruz, Jr., "robustness
analysis using singular value sensitivities,” Jntermatiopmal J. of
Contzol., vol. 35, no. 1, pp. 93-116, Jan. 1982,

W. E. Hopkins, J. Medanic and V. R. Perkins, "Output-feedback pole
placement in the design of suboptimal linear quadratic regulators,”

Intexnationsl J. of Contzrol, vol. 34, no. 3, pp. 593-612, 1981.

P. A. Ioannou, "Robustness of absolute stability,” Internatiopal J. eof
M. '01. 34. no. ’p ”. 1021-1033. 1,‘10
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17.19 Petros Ioannou and C. Richard Johnson, Jr., "Reduced—-order performamce
E of parallel and series—parallel identifiers with respect to weakly
observable parasitics,” Antomatica, 1982 (to appear).

17.20 P. A Ioannou and P. V. Kokotovic, "An asymptotic error asslysis of
identifiers and adaptive observers in the presence of parasitics,” JEEE
Izans. on Automatic Control., Aug. 198 (to appear).

17.21 T. V. Kay, P. V. Sauer, R. D. Shultz and R. A. Smith, "EHV and UHV line
loadsbility dependence on VAR supply capability.” JIEEE Irans. on Power
Apparatus and Svstems, (to appear).
- 17.22 P. V. Kokotovic, "Subsystems, time scales, and multimodeling,”
Auntomstica, vol. 17, no. 6, pp. 789-795, 1981.

t 17.23 P. V. Kokotovic, B. Avramovic, J. H, Chow and J. R. Vinkelman,
- “Coherency based decomposition and aggregation,” Automatica. vol. 18,
no. 1, pp. 47-56, Jan. 1982.

17.24 B. H, Krogh and H. V. Poor, "The segment method as an 2altermative to
minimax in hypothesis testing,” Information Sciences 1982 (to appear).

0 17.25 D. Lindner, W, R, Perkins and J. Medanic, “Chained aggregation and
three—control-component design: A geometric analysis,” Ipnt. J. of
Contgol, vol. 35, no. 4, pp. 621-635, 1982.

‘ 17.26 D. P. Looze, "A dual optimization procedure for linear quadratic
E control problems,” Antomstica (to appear).

17.27 D. P. Looze and N. R. Sandell, Jr., "Hierarchical coantrol of weakly
coupled systems,” Antomatics (to appear).

/ 17.28 D, P. Looze and N. R. Sandell, Jr., “Analysis of decomposition
algorithms vis @nonlinear split ing functions,” J. of Optimization
TIheorv and Applications., vol. 34, mo. 3, pp. 371-382, July 1981.

17.29 D. P. Looze, H. V., Poor, K. 8. Vastola and J. C. Darragh, "Minimax
control of 1linear stochastic systems with noise uncertainty,” JEEE

Jzans. 9n An.pmm Contzol (to appear).

17.30 M. Massour, "A aote on the stability of limear discrete systems and

Lyspusov method,” IEEE Irxaas. oa Antomatic Coptrol, vol. AC-27, mo. 3,
June 1982 (to sppear).
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17.31 R. G. Phillips and P. V. Kokotovic, "A singular perturbation approach to

modeling and control of Markov chains,” IEEE Irans. on Astomatic Con~-
trol, vol. AC-26, no. 5, pp. 1087-1094, Oct. 1981.

17.32 H. Vincent Poor and Douglas P. Looze, “Minimax state estimation for
linear stochastic systems with noise uncertainty,” JIEEE Irans. on
Antomatic Comtrol., vol. AC-26, pp. 902-906, Aug. 1981.
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17.33 V. R. Sakseas and T. Basar, "Multimodel approach to stochastic team
probleas,” Automatics, vol. 18, no. 6, Nov. 1982 (to appear).

17.34 V. Saksena and J. B. Cruz, Jr., “Nash strategies in decentralized
control of multiparameter singularly perturbed large scale systems,”

Lazss Scsle Systems, vol. 2, no. 4, pp. 219-234, Nov. 1981.
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17.35 V. R. Saksena and J. B, Cruz, Jr., "A multimodel approach to stochastic
Nash games,” Automatics, vol. 18, no. 3, pp. 295-305, 1982.

17.36 V. R. Saksena and P. V. Kokotovic, "Singular perturbation of the Popov-

Kalman-Yakubovich 1lemma.,” gyvstems & Control Letters., vol. 1, mo. 1, pp.
65-68, July 1981. _

! 17.37 M. A. Salman sand J. B. Cruz, Jr., "An incentive model of duopoly with
‘ government coordinstion,” Automatics, vol. 17, mno. 6, pp. 821-829, Nov.
1981.

17.38 P. V. Sauer, "Explicit load flow series and functions,” JEEE Irans. on

g Power Apparatus asnd Svystems. vol. PAS-100, no. 8, pp. 3754-3764, Aug.
& 1981. Summary published in IEEE Power Engineering Society Review, vol.
:":.' PER"I. no. 8. ’Q 31. A"o 1,810

17.39 P. VW. Sauer and B. Hoveida, "Constrained stochastic power flow

analysis,” JInternationsl J. of Electric Power Systems Reseaxch (to
appear).

17.40 K. K. D. Young and P. V. Kokotovic, "Analysis of feedback loop
interactions with actuator and sensor parasitics,” Automatica (to
appear).

17 .41 Ying-Ping Zheng and Tamer Basar, "Existence and derivation of optimal
affine incentive schemes for Stackelberg games with partial ianformation:

A geometric approach,” Internstional I. of Control, vol. 35, no. 6, pp.
997-1012, June 1982.
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Conference Pavers

17.42 8. Ahmed-Zaid and P. V. Sauner, "Optimal system loadadbility,” Progc. of

the 1981 Midwest Power Symposium, Urbans, IL, sec. 3.1, pp. 1-10, Oct.
194%1.

A. Bagohi, R, C., Strijbos and Tamer Basar, "New formulas for open and
closed-loop LQ control laws and related numerical considerations,”

Proc. of the IFAC Symposium on the Theory apd Applications of Digital
Control, New Delhi, India, Jan. 1982.

17.43

17.44 Tamer Basar, "A new method for the Stackelberg solution of differential
games with sampled-date state information,” JVAC/81 Congress. Kyoto,

Japan, pp. IX-139 to IX-144, Aug. 1981.

17.45 T. Basar, "Performance bounds for hierarchical systems under partial

dynamic information,” Proc. of the 20th IEEE Conf. on Decision and
Control, San Diego, Calif., pp. 1133-1138, Dec. 1981.

Tamer Basar, "The Gaussian test chanmel with an :«ntolli;cnf jammerx,”

IEEE Interpational Svmposium on Information Iheoxv. Les Arcs, France,
June 1982. :

17.46

17.47 Tamer Basar, "An equilibrium theory for multi-person multi-criteris

stochastic decision problems with multiple subjective probability
measures,” Prog. of the Ninth Prague Conf. on Information Iheorxy.
Statistical Decision [Functions and Random Processes., Prague,
Czechoslovakia, 1983 (to appear).

Tamer Basar, "Affine incentive schemes for stochastic systems with

dynamic information,” Prog. of the 1982 American Coatrel Conf..
Arlington, Virginia, June 1982.

17.48

17.49 Tangul U. Basar and Tamer Basar, "Optimum coding and decoding schemes
for the transmission of a stochastic process over a continuous—-time
stochastic ochanmel with partially unkmown statistics,” JEEE

Svmposina on Information Theory, Les Arcs, France, June
1982.

Tangul U. Basar and Tamer Basar, "Robust linear coding in coatinwous-
time communication systems in the presence of jamming and with noise
side information at the decoder,” Prog. of the 16th Princeton Conf. 9
Information Science and Syatems., Princeton, NJ, March 1982.
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17.52

17.53

17.54

17.55

17.56

17.57

17.58

17.59

17.60

17.61

PUBLICATIONS

Tamer Basar and Alain Haurie, "New thoughts on feedback Stackelberg
strategies,” Optimization Days 1981, Montreal, Canads, May 1982.

Derya Consever and Tamer Basar, "A minimum semsitivity approach to
incentive design problems,” to be presented at the 1982 Decision and
Control Conf., Dec. 1982.

Y. M. Chan and J. B. Cruz, IJr., *"Self-tuning methods for

multicontroller systems,” Proc. of the 1982 American Control Conf..
Arlington, VA, June 1982.

J. C. Darragh and D. P. Looze, “Noncausal minimax state estimation for
systems with uncertain second order statistics,” 21st IEEE Conf. op
Decision and Coptrol (to appear).

F. Deledbecque, J. P. Quadrat and P. V. Kokotovic, "Aggregadbility of
dynamic systems and lumpability of Markov chains,” Proc. of the 20th

IEEE Conf. on Decision and Comtrol, Sam Diego, Calif., pp. 199-203,
Dec. 1981.

J. 8. Freudenberg, D. P, lLooze and J. B. Cruz, Jr., "Robustness
analysis using singular value sensitivities,” Proc. of the 20th IEEE

Conf. on Decision apd Control, Sam Diego, Calif., pp. 1158-1166, Dec.
1981.

M. Fuerst and P. W. Sauer, "Optimal system loadability,” Progc. of 1the

1981 Midwest Power Svmposium., Urbana, IL, sec. 3.1, pp. 1-10, Oct.
1981.

P. A. Ioannou and P. V. Kokotovic, "Error bounds for model-plant
mismatch in identifier and adaptive observers,” Proc. JACC,
Charlottesville, VA, paper WA-4D, June 1981.

P. V. Kokotovic, B, Avramovic, J. H. Chow and J. R. Vispkelman,
"“Coherency based decomposition and aggregation of a class of large

scale systems,” 8th Yorld Copnsress of IFAC, Kyoto, Japan, vol. IX, pp.

P, V. Kokotovic and P, A. Ioannou, "Robustness redesign of continuous-

time adaptive schemes,” 20th IEEE Conf. on Decision and Contrel, Saa
Diego, CA, pp. 522-527, Dec. 1981.

J. H. Lin, R, D. Shultz, R. A. Smith and P. W, Sauver, "China's energy
challenges,” Prog. of the 1982 Amexican Power Conf., April 1982,
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PUBLICATIONS 11

Douglas Lindner, William R. Perkins and Juraj V. MNedanic, "Chained

sggregation: A geometric analysis,” 8th World Congress of IFAC, Kyoto,
.Tlplll. PP, IX-92 to 1X-97, An‘. 1981,

D. Lindner, W. R. Perkins and J. Medanic, "Near unobservability im

singularly perturbed systems,” JFAC Workshop on Singular
and Robustness of Control Systems. Ohrid, Y“l‘”l"ila July 1982.

D. P. Looze, H. V. Poor, K. S. Vastola and J. C. Darragh, “On linear-
quadratic—-Gaussian control of systems with uncertain moise statistics,”

in System Modeling and Optimization, R. F. Drenmick and F. Kozin, eds,
Springer—Verlag, New York, 1982, pp. 417-423.

D. P. Looze, H. V. Poor, K. S. Vastola and J. C. Darragh, "Minimax
control of linesr stochastic systems with noise uncertainty,” 1982 ACC,
Arlington, VA, June 1982 (to appear).

Douglas P. Looze and Hassen Salhi, "Decomposition and aggregation inm

hierarchical systems,” 8th ¥orld Copgress of IFAC, Kyoto, Japan, pp.
IX-110 to IX-114, Aug. 1981.

R. S. McEwen and D. P. Looze, "Quadratic weight adjustment for the
enhancement of feedback properties,” Prog. of the 1982 ACC, Arlington,
VA, June 1982 (to appear).

R. A, Padilla, J. B, Cruz, Jr., C. S. Padilla and R. Milito, "On

adaptive Nash games,” §th World Copngress of IFAC, Kyoto, Japam, vol.
IX, pp. 151-156, Aug. 1981.

G. Peponides, P. V. Kokotovic and J. H, Chow, "Singular perturbations
and time scales in nonlinear models of power systems.” International

Symposium on Circuits snd Svstems, Rome, Italy, May 1982.

W. R. Perkins, J. B. Cruz, Jr., and J. Benhabib, ”"Achieving social
goals im oligopolies by government incentives,” 1982 Conf. on Economic
Dynamics and Coutrol, Washington, D. C., June 1982.

S. Renjen and D. P. Looze, "Analysis of on-line microprocessor based
control.” Proc. of the Fifteenth Asilomar Conf. on Cixcuits. Svstems.
and Computation, Pacific Grove, CA, Nov. 1981,

8. Renjen and D. P. Looze, "“Synthesis of decentralized output/state
regulators,” 1982 ACC, Arlington, VA, June 1982,
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17.73

PUBLICATIONS

V. R. Saksena and Tamer Basar, "A multimodel approach to stochastic

team problems,” JFAC Workshop on Singulazr Pertuzbations snd Robustness
of Control Systems. Obrid, Yn;oslavil. July 1982 (to be presented).

M. A. Salman and J. B. Cruz, Jr., “"Informatiom structure, optimal

coordination, and a game model of duopoly,” 8th ¥orld Congress of IFAC,
Kyoto, Japan, Vol. IX, pp. 157-162, Aug. 1981.

K. K. D. Young and P. V. Kokotovic, "An asymptotic analysis of
interactions of feedback 1loops with parasitics in actuators and

sensors,” 8th Yorld Consress of IFAC, Kyoto, Japan, Vol. IV, pp. IV-18
to IV-Z‘. A"o 1981.

18. DIGITAL SIGNAL AND IMAGE PROCESSING

Journal Articles

18.1

18.2

18.3

18.4

18.5

18.6

G. Cortelazzo and M. R. Lightner, “On the design of digital filters
with monotonic transition regions using ‘don’t care’ bands,” Irans. of

the Illinois State Academv of Science (to appear).

M. H. Etzel and ¥. K. Jenkins, “The design of specialized residue
classes for efficient recursive digital filter realization,” JEEE

Izans. on Acoustics, Spacch, ndﬂnﬂkms.u.tu vol. ASSP-30, pp.
370-380, June 1982,

W. E. Miggins and D. C, Munson, Jr., "Noise reduction strategies for
digital filters: [Error spectrum shaping versus the optimal linear
state—space structure,” IEER Irans. on Acouatics. Sceech. and Siznal
Brocessing (to appear). :

B. Liu and D. C. Munson, Jr., "Generation of a random sequence having a
jointly specified marginal distribution and auntocovariance,” JEEE
Izans. on Asonstics, Sveech. and Sigmal Processing (to appear).

D. C. Munson, Jr., "Accessibility of zero—imput 1limit oycles,” JIEEE

Izans. on Asoustios. Speech. and Signal Processing., vol. ASSP-29, pp.
1027-1032, Oot. 1981.

D. C. Munson, Jr. and Y. K. Hwang, "Verification of quantization error
formulas for ROM/ACC filters: Comment on ’‘Low-noise realizatioas for
narrow-band recursive digital filters’,” JIEEE Irana. 9om Asoustics.
Spesch. and Signal Processing (to appesr).
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o 18.7 D. C. Munson, Jr. and B, Liu, "Floating point roundoff error in the

l prime factor FFI,” JEEE Irans.- on Acoustics. Speech. and Signal
Processing, vol. ASSP-29, pp. 877-882, Aug. 1981.

18.8 R. Y, Tsai and T. S. Huang, “Estimating three-dimensional motion
parameters of a rigid planar patch,” IEEE Irans. on Acoustics, Speech.
and Sisznal Processing, vol. ASSP-29, 1147-1152, Dec. 1981.

18,9 R. Y. Tsai, T. S. Huang, and W. L. Zhu, “Estimating three—-dimensional
o motion parameters of a rigid planar patch II: Singular value

decomposition,” IEEE Izans. on Acoustics. Speech. and Siznal Processing
(to appear).

Conference Papers

- 18.10 A, C. Bovik, T. S. Huang, and D. C. Munson, Jr., "Nomlinesr filtering
' using linear combinations of order statistios,” Proc. of the 1982 IEEE

:i‘,ii International Conf. op Acoustics. Speech, and Sisznal Processing. Paris,
5 pp. 2067-2070, May 1982.

“." 18.11 G. Cortelazzo and M. R. Lightner, “The use of mmltiple oriterion
optimization for the simultaneous phase and magnitude desijn of IIR
digital filters,” Proc. of the 1982 IEEE Interaational Conf. on

Acoustics, Speech, and Signal Processing, Paris, pp. 1813-1816, May
1982.

n 18.12 D. A. Hayner, S. Renjen, T. S. Huang, and W. K. Jenkins, “Algorithms
and experimental results on image recomstruction from limited data,”
; Proc. of the 1982 IEEE International Conf. on Acoustics, Speech, and
e Signal Processing, Paris, pp. 1557-1560, Nay 1982.

3 18.13 V. E. Higgins and D. C. Munson, Jr., "Optimal error spectrum shaping
[—- for cascade—form digital filters,” Proc. of the 1982 IEEE International
Symposium on Circuits and Svstems, Rome, pp. 1029-1032, May 1982.

18.14 T. 8. Huang, Y. P. Hsu and R, Y. Tsai, “Interframe image coding by
" general two-dimensional motion compensation, Proc. of the 1982 IEEE
International Conf. on Asoustics. Speech. and Signal Processing, Paris,
Pp. 464-467, May 1982,

18.15 V. K. Jenkins, "Failure resistant digital filters based on residue
number system product codes,” Prog. of the 1982 IEEE Intexistionsl

PR Conf. on Asonstics. Speech. and Sisnal Processing, Paris, pp. 60-63,
v May 1982.
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¥. K. Jenkins, “A new approach to the design of an error checker for
failure <resistant residue number digital filters,” Proc. of the 1982

IREE Symposium on Circuits and Svstems. BRome, pp. 369~
372, May 1982,

D. C. Munson, Jr. and W. K. Jenkins, "A common framework for spotlight
mode synthetic aperture radar and computer—aided tomography,” Proc. of

She 13th Annual Asilomar Conf. on Cixcuits, Syatems., and Computers.

Pacific Grove, CA, pp. 217-221, Nov. 1981.

D. C. Munson, Jr. and E. C. Martin, “Sampling rates for limear shift-
variaat discrete—time systems,” Prog. of the 1982 IEEE

Internationsl
Coaf. on Agcoustics, M and Sisnal Procsssing, Paris, pp. 488-491,

R. Y. Teai and T. 3. Huang, “Uniqueness aand estimation of three-
dimensional motion parameters of a rigid planar patch from three
pecrspective views,” Proc. of the 1982 ]JEEE Internationsl Conf. on
Acoustics. Speech. and Sisnal Processing, Paris, pp. 834-837, May 1982.

Teshnical Repoxts and Theses

18.20

18.21

18.22

18.23

18.24

18.25

A. C. Bovik, "Noalinear filtering using linear combinations of order
statistios,” Coordinated Science Laboratory Report R-935, University of
Illinois, 1982.

A. J. Brown, "Capabilities of the INITEL-2920 for digital filtering,”
M.S. Thesis, Department of Electrical Engineerinj, University of
Illinois, 1981.

W. F. Kappauf, "Analysis and simulation of an adaptive 1moise
canceller,” MN.S. Thesis, Department of Electrical Eamgiseeriag,
University of Illimois, 1982, :

D. G. Payne, "Design of a digital controller with analysis aad
simulation of quantization effects,” MN.S8. Thesis, Departmeant of
Electrical Bagineering, University of Illinois, 1982.

R. C. Rose, "Aa additive syanthesis electronic music machime,” N.S.
Thesis, Depacrtment of Electrical Engineering, University of Illinmois,
19841,

J. B, 8trickland, Jr., "Mazimum smplitude zero-imput limit ocycles in
digital filters,” MN.S. Thesis, Department of Electrical Engineering,
University of Illinois, 1981,
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18.26 R. Y. Tsai, "Uniqueness and estimation of 3-D wmotion parameters of

rigid objects,” Ph.D. Thesis, Department of Electrical Eagineering,
University of Illinois, 1981.
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1. MOLECULAR BEAM EPITAXY
N Faculty and Senior Staff
& A. Y. Cho K. Hess H. Morkos
"‘ J. D. Dow M. V. Klein G. E. Stillman
J. E. Greene ’ B. G. Stre~tman
- Szaduste Studepts
D. Arnold J. Klem A. Rockett
= T. J. Drummond ¥. Kopp S. L. Su
» = R. Fischer ¥. G. Lyons R. E. Thorne
& 1.1 Molecular Beam Epitaxy*
ES ii This is s research program involving many aspects of semiconductor
8 research and molecular beam epitaxy. The research effort includes materials
S growth by MBE, studies of basic electromic and optical properties of layered
X structures and applications to high speed electronic devices. The objective
t is to utilize the unique features of MBE in the preparation of novel
structures and to explore new opportunities for devices.
i In this period, the research on Al Ga,_ _As/GaAs single and multiple
interface structures continued. In aeddition, we began studying the
L incorporstion of 8i both in GaAs and Al:oal_;As.
.:f Multiple imterface heterojunctions with GsAs layers as thin as 25 & were
growa iz a wide range of growth temperatures. The photoluminescence intensity
;:} sssociated with the quantum wells was very low for substrate growth
' temperstures below about 6350°C and improved steadily as the substrate
:‘j: tempesature inmcressed to 700°C. The principal electron to heavy bole
s trangsition appeared to have shifted downward in energy unless the structure
- was grown at about 700°C. Above 700°C, the emission from the quantum wells
=~
-, ® This work was supported by the Joint Services Electronics Program (U.S.
i Army, U.S. Navy, and U.S. Air Force) under contract N00014-79-C-0424.
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2 1. MOLECULAR BEAM EPITAXY

diminished entirely while that from the Alxegl_,A. improved steadily with
increasing substrate temperature. The overall conclusion of this study is
that the heterointerfacial properties are very important and dominate the
luminescence spectra. Investigatioms of the single interface structures with
the binary on top of termaczy, and the termary on top of binmary showed
substantial anisotropy. While it is relatively easy to obtain good interfaces
when the Al Ga;_ As layer is grown om top of GaAs, the reverse is not always
reproducible and requires s precise set of growth ocomditioms, the most
dominant growth parameter beiag the substrate temperature. At a substrate
temperature of 700°C, the atomic ssrface morphology of the Al Gay__As is best,
leading to a specular heterointerface. This interface <rowghness is
responsible for the low Pi. intensity as well as the shift in enezgy.

The rough surface of the Al _Gay__As layer can be improved by growing &
thin, e.g., 50 &, GaAs Iayer. As a result of this smoothing effect, the
multiple interface structures are expected to be a little less sensitive to
the growth conditions than the single well heterojuanction structure. The use
of a smoothing layer to relax the growth oconditionms without the loss of
quality was demonstrated using GaAs FETs on Alxo'l-xA’ buffer layers.

Incorporation of domor impurities in Alx“‘l-x“ was also investigated.
Particular emphasis was placed on 8i because the other most commonly used
donor, Sn, evaporates quite readly from the surface at high substrate
temperatures. Both eleotrical measurements and secondary ion mass
spectroscopy techniques were used to characterize the (films. A substrate
temperature srange of 600 - 720°C, mole fractions between O and 1.0 and
slectron concentrations of 1016 -8§x 1018 cl.3 were investigated. It was
discovered that caution must be. exercised in determining the domor activation
enezgy from the n vs T measurements. The modulation doping effect can lead to
anomalously high activation energies. Unlike Sn, the activation enmergy of Si
in Al‘Gul-an was small, ~ 15 oV, except for some deepening at about x =.5.

1.2 Nedulation Doped Al _Ga;__As/GaAs FETs*

Selectively doped Al _Ga;__As/GsAs heterostructures where only the larger

¢ This work was supported by the U. S. Air Force Office of Scientific
Research under contract AFOSR 80-0084.
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1. MOLECULAR BEAM EPITAXY 3

bandgap material is doped with a suitable domor are of special importance from
the standpoint of studies of basic phenomena and device applications. The
objectives of this program are to study in detail the 1low and bhigh field
transport parallel to the heterointerface and to fabricate short chamnel FETs
for switching applications. )

During the last period our investigation of single and multiple interface
undoped and modulation doped GchS/Alxﬁal-xAs heterostructures was undertaken.
This program differs from our other work in that the objective is geared
toward FETs. Primarily, the electrical properties of single interface
modulation doped structures and optical properties of undoped multiple
interface structures were studied. In addition, by measuring transport
properties parallel to the heterointerface for a number of structures grown
under different conditions, the opti.u-'lBE growth conditions were determined
for both binary-on—ternary and termary-on-binary structures. Structures with
the termary on top of ti.arv exhibited much better performance and thus were
used to fabricate FETs. The thic’ uess of the undoped separation layer in
these structures was adjusted to provide am optimum domor/electron separation
for FET operation. '

Optimized normally-off modaulation doped FETs with 3 pum channel 1lengths
and 1 um gate lengths displayed transconductances as high as 250 mS/mm at 300
K. This figure is expected to double at 77 K. It is predicted that such a
FET will exhibit a switching time of 8 psec in a ring oscillator configuration
at 300 K. Needless to say, operating parameters such as load resistance and

power supply voltage must be optimized to achieve this performance.

...............
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2. SEMICONDUCTOR NATERIALS AND DEVICES
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- 2.1 Iatroduotion
L_’

The primary goal of this resesrch is to evaluate the poteatiasl of bhigh-
purity InP and InGaAsP (including the termary limit of this lattice-matched
quaternsry alloy system) for optical and microwave device applications. The
thrust of the JSEP supported work is to investigate the hydride growth
technique for the growth of InP and InGaAsP. This process is particularly ks |
interesting becauss it permits easy control of the III-V ratio, im comtrast to :

the PCl, (chloride) growth techaique, and because the growth of P coataiaing ;
compounds seems to be much more controllable when contrasted to the popular 1]
MOCVD snd MBE growth techmiques. With other support, LPE growth of InP and
InGaAsP is also being ;tudiod. and the properties of the hydride~-VPE and LPE
epitaxial 1layers are ocompsred. The techaiques wused in this work to

characterize the material imclude the measurement and analysis of Hall

coefficients and resistivity measurements over the 4-350 K temperature range
to determine the total ocomceantrations of electrically active donmors and
ascceptors. The influence of the growth oconditions on the identity and
concentration of the scceptor species imcorporated in the epitaxzial layers is

peze o

| W SR

studied through photoluminescence measurements over the 1.5-20 K range. Deep
levels, and the influence of different growth parameters om the concentrations

P Y

and energy levels of these centers sre studied through DLTS measurements. The )
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2. SEMICONDUCTOR MATERIALS AND DEVICES 5

. crystalline quality and degree of lattice match are studied with an x-ray
l: diffractometer purchased with partial support using JSEP fundz. The residual

shallow donor impurities in InP are studied using far infrared Fourier
{; transfora measurements of photothermal ionization photoconductivity om high
) purity epitaxial InP.

2.2 Hydride VYspor Phase Growth of High Purity InP*

The most common figure of merit cited for high purity IaP is the majority
carrier mobility at 77 K. The carrier concentration and the mobility are
generally derived from the Hall coefficient and resistivity. There is a
= danger in using the 77 K mobility as the sole indication of sample purity in
. that the measurement technique averages the Hall constant and sample
;3 resistivity over the sample, The electrical data obtained from the van der

Pauw technique are of some use in detecting imhomogeneities. In a homogeneous
sample, the ratios of resistanes measured on a van der Pauw-Hall effect sample
) by permuting contacts should be determined by sample and contact geometry
. only. They should be the same at 77 K and 300 K. Inhomogeneities in impurity
concentration across the wafer can cause differences im these ratios at the
different temperatures. VWhen proper caution is exercised, the 77 K mobility
is a useful measure of the sample quality. The 77 K carrier coamcentration aand
‘! the compensation curves calculated for InP, [R1] provide an estimate of the
concentration of electrically active donors and acceptors in the crystal.
Figure 2.1 shows the 77 K mobilities of a number of VPE hydride grown samples
i for a wide range of ocarrier concentrations as well as the corresponding
( theoretical ocurves of Rode [R1]. The data points generally follow the curve
o for (N* + N')/(n + p) = 2 indicating that the concentration of donmors is
spproximately three times that of acceptors. By contrast, high purity InP

i grown by LPE appears to be nearly uncompensated.
Table 2.1 is a compilation of the 77 K and 300 K Hall dats for the ten
. best InP layers grown by VPE in our lab. Also included for comparison are the
’ highest mobility VPE samples, doth halide, reported in the 1literature. The
. 71,000 on?/V-sec layer, VPE I-221 is the highest mobility reported to date for

* This work was supported by the Joint Services Electronics Program (U.S.
i Army, U.S. Navy, and U.8. Air Force) under contracts DAAG-29-78-C-0016 and
i NO0014-79-C-0424.
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2. SEMICONDUCTOR MATERIALS AND DEVICES
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Fig. 2.1 (top left) 77 K mobilities as a function of carrier concentration
for VPE Hydride InP plotted with the Rode curves for InP.

T 3 Y

Fig. 2.2 (top right) Hall mobility at 77 and 300 K versus =N, of the InP

N ) layers growm in this work. The solid curves show Rode's calcu~
; lation of Hgq for two compensation ratios.
i Fig. 2.3 (bottom) Hall mobility at 77 and 300 K versus N,-N, of the InCaAs |

layers growm in this work. ‘
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8 2. SEMICONDUCTOR MATERIALS AND DEVICES

a sample grown by the hydride technique. It is somewhat more compensated than
high purity material grown by LPE and the 300 K mobility is not as large as
one would expect for a layer with such high 77 K mobility. Some samples, for
sxample VPE I-205, with lower 77 K mobility have larger 300 K mobility.

One interesting aspect of the dats is the existence of am aging effect
first reported by Eastman in InP grown by LPE [R2]. The aging phenomenon in
which the 77 K mobility in n—type samples increases amd 77 K ocarrier
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concentration simultaneously decreases after 3 to 4 months storage at 300 K,
was attributed by Eastman to silicon donors chamging from shallow to deep
states. The Hall mobilities and carrier concentrations of InP grown by the

e

et
P :

hydride technique changed similarly when stored at room temperature (see Table
2.2). Dramatic increases have been observed in as short a time as ome week in
which the 77 K mobility changed from 56,800 om?/V-sec to 70,030 om2/V-sec.
The greatest overall change occurs in the material which starts out with the
" highest mobility. In the course of 3 months the 77 K mobility of VPE I-221
increased from 71,260 cn?/V-sec to 95,920 om?/V-sec. The process can be
sccelerated by annealing at 105°C. The original 77 K mobility and carrier
concentration are re—established when the sample is heated to temperatures as
lowv as 400°C (used for alloying contacts). All values for mobility asd
carrier concentration quoted above were taken immediately after the contacts

were alloyed except where otherwise noted.

2.3 LPE Growth of InP and InGeAsP*

Methods for obtaining high-purity InP and InGaAsP alloy epitazial 1layers
on (100)~-oriented InP substrates using 1liquid phase epitaxy have been
explored. The 300 and 77 K eleotron mobilities for InP and InGaAs are
summarized ia Figs. 2.2 and 2.3. All of the undoped layers were n—type, and
the InP liquid nitrogen mobilities, when compared with the theoretical curves
by Rode [R1] for varying compensation, show relatively little compensation.

The freeze—out ratios, N,-N, (300 K)/Np~N, (77 K), of the IaP and InGaAs

® This work was supported by the National Science Foundation under con-
tracts NSF ECS-79-17581 and NSF DMR-80-20250-73, the Naval Research Laboratory
under contracts N0O0173~78-C-0129 and N00172-79-C~0184, and the Joint Services
Electronics Program (U.S. Army, U.S. Navy and U.S. Air Force) under contracts
DAAG-29-78-C—0016 and N0O0014-79-C—-0424.
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10 2. SEMICONDUCTOR MATERIALS AND DEVICES

layers are generally between 1.0 and 1.2. The mobilities of these InGaAs
H: layers grown on (100) InP are in fair sgreement with the mobilities of InGaAs
] layers grown on (111)B IaP by Oliver [R3] with the exception that for equally
high 1liquid nitrogen mobilities the room temperature mobilities ot.these

' layers are lower. Oliver’s highest room temperature mobility was 13,000
E on?V14"1 ond in this work the highest is 11,000 cm®V 15”1, The InGaAs layers
:f: with ND-NA for (2-4) x 101‘ 0‘-3 snd liquid nitrogen mobilities above 60,000
Q; cudv 1l yere grown at 687.5°C, and the rest were grown at 627.5°C; In
3; general, the growth of InP and InGaAs sbove 650°C has resulted in higher
S‘ purity, probably due to a lower distridbution coefficent for silicon at higher

growth temperatures. The InGaAs layers with ND'NA approximately equal to 1 x
1016 °-3 were grown from unbaked solutions and those with ND-NA 1 x 1016
were doped with tin. Typically, InP layers grown from unbaked solutions
"o yielded doping levels closer to 1l x 1017 cn-3 presumably due to the use of
= lower quality InP source material.

The ability to obtain high purity layers has bdcn highly reproducible.
At the present time 11 of the last 13 InP layers grown using this iechaique
have had 1iquid nitrogen mobilities between 50,000 snd 70,000 om?V 1s~1l with
ND-NA between 9.0 x 1014 and 2.5 x 1015 cu™3. Also, 12 out of the 14 InGaAs

layers grown at 687.5°C have had liquid nitrogen mobilities between 55,000 and

70,000 cm?V1g™l with Np-N), between 1.5 and 4.5 x 1014 om™3. Fewer
- In0.836‘0.17A‘0.40P0.60 (A = 1.15 pm) layers were prepared for van der Pauw
o measurements, but of those which were measured, the highest purity layer was
:3 determined to have ND-NA = 5.6 x 1014 c-'s with room temperature and 1liquid
ii nitrogen temperature mobilities of 4,600 and 24,800 om?y1g71, respectively.
:: Most of these layers were grown between runs where device structures were
?i grown which included layers doped with either zinc or tin on IaP substrates
{%' doped with either zinc or tin. Thus, these results are highly reproducible
:é; and the use of dopants in the boat has not had an adverse effect on the purity
- of layers grown in subsequent runs,
<
*
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2. SEMICONDUCTOR MATERIALS AND DEVICES 11

2.4 Photoluminegscence Measuroements of Shallow Acceptors®

Variable temperature (1.6 - 20 K), high resolution (0.2 R)
photoluminescence measurements were performed on high-purity undoped InP
layers grown at 650°C using a III:V gas ratio of one and am HCl partisl
pressure of 0.02. The exciton region of a highly compensated sample is shown
in Fig. 2.4a. The sharp line struoture is typical of bhigh~quality InP and
includes 1lines produced by the recombination of free excitoans (FE), neutral
donor-bound excitons (D°,X), ionized domor-bound excitons (D¥,X), and neutral
acceptor-bound excitons (A°,X). At high excitation intensity, the band-to-
acceptor region of this sample (Fig. 2.4b) shows the "two—hole” (TH) replica
of the (A%,X) doublet for Za acceptors superimposed on the broader emission
bands due to Zn. A donor—to—acceptor peak imvolving an unidentified (21 meV)
shallow acceptor and a sharp lime due to am excitom bound to a deep center are
also observed.

At low excitation intensity, measuremeants of the band-to—acceptor region
of the sample 1I-221 (see Table 1.1) as a function of temperature permit the
identification of the domor-to-acceptor (D°-A°) and conduction band-to-
acceptor (=A%) peaks involving two different acceptors of different
ionization emergies. (See Fig. 2.4¢). The (D°-A°) peaks diminish in
intensity relative to the (e—A%) peaks ss the tomperature is increased, due to
thermal ionization of the domors. This trend permits proper identification of
the various peaks when they overlap, as in the present case. The ionization
energies of the two acceptors are 45.4 and 40.5 meV, which are those for Zn
and the so—called ~A1” acceptor (which may be C or Mg), respectively.

The deep region of the spectrum (Fig. 2.44) shows a series of sharp lines
which are various LO and TO~ phonon replicas of the FE emission, superimposed
on a broad, structured emission of unknown origin which has not peviously been
reported. Future work will be directed toward the ideatification of some of
the unknown spectral features discussed here.

¢ This work was supported by the Army Research Office under contract DAAG-
29~82-X-0059, the National Science Foundation under ocontract NSF DMR-80-
20250-73, and the Joint Services Electronics Program (U.S. Army, U.S. Navy,
and U.S, Air Force) under contracts DAAG-29-78-C-0016 and NOOO14-79-C-0424.
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Pig. 2.4 (a) Exciton region of the photoluminescence sptttrug of a
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2.5 Pourjer Irsnsform Spectroscopy of Shallow Donors®

The mechanism for the process of photothermal iomization, represented

CRTRLE TN U W)

a schematically in Fig, 2.5, can be vunderstood by considering an electron
HAT initially ocoupying a donor ground state. The tempersture of the sample |is
4.2 K so that few electrons are in the conduction band. Absorption of a far 3
!! infrared photon of appropriate emergy can induce s transition to ome of the
donor excited states, <from which the still bound electron may be excited to

v 3-

R the conduction band by absorption of phonon(s), comtributing to the electrical

conductivity of the sample. A photothermal ionization spectrum them consists
ﬁf of a plot of photoconductive response versus photon emergy or wavenumber, and
P d

g L RL s

contains peaks at the various donor transition emergies.
The ground state emergies of shallow domors in InP are very nearly g

P

,§3 hydrogenic but the energy of the donor ground state emergy differs slightly
o from the value ptodictod from hydrogenic theory, and since this differemce is
Lo donor species dependent, each hydrogenic tramsition im a photothermal
e ionization spectrum ocontain several closely spaced peaks. Each pesk
" corresponds to s particular donor species present, and has an amplitude which

AFSS NN TPRw )

is a measure of the relative concentration of the donmor species. The
E? multiplet structure is most easily resolved at high magnetic fields (about 3

»
-
LA T e T e e

T) in the hydrogenic 1s-2p (m = -1) transitions. For this reason, the spectra
E; which appear in this paper show only these transitions, The photothermal

W Ny

ionization spectra of Fig. 2.6 show the domor peaks present in high purity VPE
and LPE InP grown in our laboratory. The LPE samples typically show three

. ..
AP

[t ]

donor pesks labeled A, B, and C. The amplitudes of these peaks are related to

the relative concentrations of the associated donors. For example the

P

phptorcspon:o of the sample at the energy of peak B is largely due to the
- Stark bdroadened 1low energy tail of peak C. By numerically fitting a sum of
vﬂf individuasl peaks of the characteristic shape with adjustable smplitudes to the
; spectra, it was possible to determine the typical relative comcentrations of
donors A, B, and C in LPE samples as approximately 0.2 to 0.1 to 0.7. The
spectra for the VPE samples show only the peaks A and C in the very different

-

® This work was supported by the Office of Naval Research under coatract
. N00173-C-0184 (Navy Subc. 81-16 from Washington University) and the Joint Ser-
Li vices Electronics Program (U.S. Army, U.S. Navy, and U.S. Air Force) under
"o contracts DAAG-29-78~C-0016 and NO0014~79-C-0424.
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i
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Fig. 2.5 Two representations of the photothermal ionization process:

(a) illustrating the multistep photon-phonon(s) excitation, and
(b) illustrating the difference in ground state (1s) energies
for 3 donor species.

~ 1s~2p (ma-]) Transitions
B:389T

b Sl A A e aie: T
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Fig. 2.6 Photothermal ionization spectra for InP grown by LPE and !
hydride VPE (PH3-VPE).
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. 2, SEMICONDUCTOR MATERIALS AND DEVICES 15
- relative concentrations of 0.7 to 0.3.

!‘ Carefully controlled doping experiments have been performed by several

. research groups to ideatify various domor species with the associated
Eﬁ photothermal ionization peaks for Gals, Such experiments are difficult
because of the small range of domor comcentrations between that of the purest
material which can be grown by a given tochniquo.and that for which impurity
interactions degrade the spectra by broadening and distorting the spectral
peaks. Until recently, nearly all InP grown wss of insufficient purity to
resolve these peaks and so very few donor identification experiments have been
o~ performed for InP. Using inteationally doped LPE grown InP, Stradling [R4]
Y" has identified photothermal ionization peaks for Sn, Si, and S. This work
indicates that the peaks A and C are Si and S, respectively, but these

s identifications should be regarded as tentative.

(W
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3.1 Lazge Density ¥ave Iransport and Dynamics in

2 Suasi-One-Dimensioasl Conductors®

‘3 Aan ideal one dimensional conductor is a chain of atoms in & linear
"” periodio srray. Masy limear orystsls, such as NbSe, and TaS;, approximate
,{:. this ideal quite closely because the metallic bonds along the axis are strong
i;.'_' while the Van der VWasls forces between chains are relatively weak. Such one-

PN dimensional metals are uastadble to the formationm of an n;uy gap at the Fermi
vaveveotor, k;, below a oritical temperature, T, (~ 215 K for TaS3). This
causes a superlattice and an associated electron charge density wave (CDW) to
) form with a wavelength of x/kg,

Experiments [R1-R5] have shown that ocharge density waves ocan move
coherently through the 1lattice in NbSos and TaS3 vhen the applied electric
;,-:_E field exceeds a certain threshold value !T‘ John Bardeen developed a model of
COW depinning in which the CDV tunnels coherently through a pinning gap in a

manner analogous to Zenmer tumneling [R6,R7]). Ia addition he applied photon

' sssisted tunneling theory [R7] to predict the frequency dependent conductivity
of NbSe;. Experiments [R8] performed at UCLA have shown excellent
" quantitative agreement with the tuaneling model predictions of the field and

frequency dependent conducotivities of Nb803 aad 1'83' except that there seems

This work was supported by the Joint Services Bleotromics Program (U.S.
o Army, U.S8. Navy, U.S8. Air Force) under coantract NO0014-79-C-0424 and by the
g National Scieace Foundation under grant ECS 81-20038.
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3. QUANTUM ELECTRONICS 17

to be an additiosal “classical” componemt to the a.c. coamductivity. However,
i the results of those experiments have also been imterpreted using a purely
classical overdamped harmonic oscillator model.
U The principal aim of this work is to perform an experimeat for vlic.t the
tunneling amd oclassical models give qualitatively distimct predictions. Ia
ﬂ this way we hope to either prove or disprove the tunmeling hypothesis., If the
' tunneling model proves to be basically correct, thea materials such as 1'.83

A may be useful ia radio frequescy snd microwave applications (e.g., seamsitive
v detectors and mixers).
- The experiment performed at UCLA [RS] measuring the d.c. comductivity of
l NbSe; in the presence of large a.c. signals was interpreted by our group [3.4]
. in terms of the tunneling model. The experiment, which had previously been
_'_ interpreted wusing a classical model, showed excellent qualitative and
reasonable quantitative agreement with Bardeen’s tumneling model coupled with
‘(ﬂ photon assisted tunneling theory. Very recently field and frequency dependeat
- rectification messurements on r.s, performed by our group have yielded results
5 which qualitatively can easily be explained using the tumnneling hypothesis bdut
. are difficult, if not impossible, to interpret olassically., Ia the nmear
rr future we plan to make a quantitative comparison of rectificatioa measuremeats
L., with tunneling theory predictioms for s wide range of bias voltages and

-

frequencies.

-

3.2 Discharge Anneslinz®

ASERA
acasca

o
% alas

—r—
AR

Studies have continued on the use of a glow discharge in Helium to

sy _a

generate sn electron beam for annesling ion-implanted semiconductor samples . I

A

[3.3). A new disgnostic tool - laser reflectometry — has been developed to

e

sllov acourate determimation of silicon sample temperature and regrowth
velocity [3.5].
Laser reflectometry coasists of directing light from a Helium—Neon laser

R

VRIS W R ST T LT

st 632.8 am onto a semiconductor sample during annealing. The reflected beam
is synchronously detected using s vacuum photodiode and lock—-in amplifier to
zemove backgrouand signal due to black body radiation from the sample. As the

T ¢ This work was supported by the Joint Services Electronics Program (U.S. :
{;} Aemy, U.8. Navy, U.8. Air Force) uader contract NO0014-79-C-0424. .
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silicon is heated by the electron beam, its index of refraction increases,
increasing the reflectivity of the sample. The relation between index of
refraction and temperature for silicon is known [R9], so a relation between
temperature and reflectivity can be calculated. Thus, the temperature of a
silicon sample can be monitored during annealing.

Reflectometry also provides am accurate measure of the regrowth time
during annealing [R10]. The amorphized surface layer has an index of
refraction which differs from that of the single—crystal substrate. The
discoatinuity inm refractive index causes a reflection of the laser beam from
the amorphous-single corystal interface, which interferes with the Llight
reflected from the sample surface. During regrowth, the interface proceeds to
the surface by solid phase epitaxy, ocausing the path length of the beam
reflected from the interface to decrease. Thus, the phase of the beam
reflected from the interface continually changes with respect to the phase of
the beam reflected from the surface, causing maxima and =minima or
"interference fringes” in the reflectivity as the sample regrows. Ultimately,
the reflectivity reaches the value for single crystal silicon. Using this
techanique, the ro.rovthbrutc was measured as a function of electron beam power
snd sample temperature. Our results for snnealing large area samples show

excellent agreement with laser annealed samples [R11], indicating that the -

discharge anneal system shows promise ag an alternative to laser ammealing
systems.

Studies were also performed on the amnealing of single crystal silicon
with a polyorystalline silicon layer grown om top. As deposited, the samples
had sheet resistivities greater than 200 Q@ per square. Our study shows that
with the discharge system, these samples can be annealed yielding sheet
resistivities of 15 0 per square and less. These results are obtained over

large area samples with anneal times less than five seconds.

3.3 Plasms-assisted Etehing®

Recent work in the area of plasma—assisted etching has been directed

toward the design and construction of an RF plasma discharge system. Previous

¢ This work was supported by the Joint Services Electronics Program (U.S.
Army, U.8. Navy, U.8. Air Force) under coantract N00014-79-C-0424.
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(f 3. QUANTUM ELECTRONICS 19
- research utilized a DC hollow-cathode discharge to ge srate etching species
ll while the new design employs an inductively coupled Ri ‘ischarge. This offers
‘ several advanttg‘s. High frequency discharges gemerally temd to provide: (1)
i?. a higher degree of ionization and dissociation, (2) & high ratio of ol,ct:on
. temperature to ion and gas temperatures, and (3) a wider range of operating
II gas pressures. Furthermore, sputtering effects due to the electrode material
v are eliminated by the inductively-coupled configuration.

5? A major improvement in diagnostics is provided by the addition of a
- quadrupole mass spectrometer. This system features the ability to detect both
-~ positive and negative ions. The gquadrupole contains its own source of
if‘ ionization which ocan be switched off. The system can then be utilized to
. directly detect species in the plasma along with providing means to analyze
a; dowastream products., Currently, the QMS is oconnected downstream of the

dischaxge—-sample region vis & variable—leak valve. A {further improvement
would connect the quadrupole, via a pinhole leak, to the discharge—sample

-

[
.

region and would enable the detection of many of the ionic species involved in
the estching process.

L N

Much of the work curreantly being dome in this field oconcerns the

Fe "Reactive Ion Etching” scheme, This differs from conventional “plasma
EE etching” in that physical processes as well as chonictl. are used to remove

! material. Concern has been raised receatly that damage to the semicoaductor
!; occurs due to the bombarding ions. Surface states at the 8105-31 boundsry,

for example, are thought to be caused by this. Machines designed to exploit
the RIE scheme employ a parallel plate RF discharge whereby the electrode upon
which the samples are placed assumes a negative bias proportional to the ratio
Eﬁ of the surface area of the electrodes. The system configuration we bhave
constructed avoids this and allows a DC bias to be superimposed on the sample.

oy Therefore, we hope to study the influemce of ion bombarding effects on the

ti' snisotropy of etch as well as damage to the semicomductor,

- Preliminary etching runs have been conducted and etching has been !
ti achieved., Further  work to determine etch rate versus various parameters of

_ the system are being conducted im an effort to “calibrate” the system with
;; respect to kmown results in the 1literature. In particular, attemtion is

-
-~ e -

focused on observing etch rate versus sample bias in the RF system as compared
ﬁ@ to the results aslready obtained in the DC hollow-cathode configuration.
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3.4 Laser-Induced Growth of Semiconductor Films®

The objective of this research program is to iavestigate the cheamistry
and optical properties of excited atoms and molecular radicals produced by
ultraviolet photodissociation and the iateraction of these excited species
with a surface to generate a thin film. 8pecifically, an ultraviolet excimer
laser is being used to photodissociate isorgaaic molecules that contain a
semiconductor atom (such as Sll‘. Gol4 or Sic14). The spectroscopy of these
laser—generated plasmas as well as the electrical aad chemical properties of
the resulting Ge or 8i films are wader imvestigation.

Initial experimeats imvolved the photodissociatioa of 81l4, (CI3)481 asad
GeH, iz the ultraviolet using excimer lasers sad suoceeded ia growing 8i and
Ge films on smorphous 8i0, substrates. These experiments were conducted at
room temperature and the resulting Ge or 8Si films were found to be

polycrystalline with grain sizes of up to 0.5 ym. However, the films were
highly resistive due to iatergranular voids formed as a result of the large
deposition rates (~ 1 om - s°1),

In more recent experiments, s C¥ CO, laser has been used ian comjunction
with the excimer laser to produce films of much higher quality. The 002 laser
maintains the spatial selectivity of the technique and serves to moderately
héat the substrate, thus emhancing the surface mobility of an absorbed
semiconductor atom. lﬁwovor. since it is the oxcimer lagser that, by a nom—
thermal process frees the Ge or Si atom from the pareant molecule, the films
can be deposited at temperatures at least 100-150°C lower than those required
for pyrolytic deposition. For example, Ge films growa at a substrate
temperature of 300°C for 10-20 minutes are ~ 1 pum thick and exhibit room
temperature mobilities of ~ 100 clz-Vpls'l. Hall measuremonts also indicate
carrier concentrations of ~ 1018 on3 and x-ray studies using a powder
diffractometer show the films to be polyocrystalline with no preferred
orientation. Substrate temperature measurements show that the excimer laser
heats the substrate by 10°C or less. Also, we have demonstrated that (111) Ge
can be epitaxislly grown om 1102 oriented sapphire substrates by pyrolyzing

3034. Current experiments are foousing on accomplishing the same goal at

=N ¢ This work was supported by the Joint Services Electronics Program (U.S.
o Army, U.S. Navy, U.S. Air Force) under contract NO0014-79-C-0424 and by the
22: Alzr Force Office of Scientific Research under contract AFOSR 79-0138.
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_ lower substrate temperatures by photodissociating GeH,,
fi Emission from atomic Ge and the germylene (GeH), has also been observed
snd profiles of fluorescence intensity versus distance from the substrate are

being measured. These results will lster be incorporated into a computer

,_
.
2,4

model of the gas phase/surface kinetics in an effort to better understand the
processes involved in the nucleation of Ge films.
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4.1 Iatroduction

This research involves study of basic properties of semicomductors,
methods of device processing, snd new device concepts. Both theoretical and
experimental methods are employed in each of these categories. We are
oxamining s variety of hot electron phenomena and their effects on preseant and
future device performance, ospcciully in coanection with modulation doping.
We are studying ion implantation and annealing of Si and III-V compounds,
including laser and electron beam processing. These experimental studies
include examination of deep—level impurities and defects arising from
implantation snd annealing. Several aspects of this work are dome ia
collaboration with other units, particularly the studies of materials grown by
molecular beam epitaxy (MBE, Unit 1).
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- 4.2 Laser and Electron Besm Annesling of Semiconductors®

In our studies of the physics and materials problems underlying new 1
device processing techniques, we have examined several effects of tranmsienmt
annealing in semiconductors. While these methods .exhibit great promise for b
more flexible processing of devices, a better understanding of the amnealing
mechanisms is required for reliable application to fabrication, In the
previous reporting period we described extensive experiments in pulsed laser

sanealing of silicon. During this period we have published results of that @
work applied to BFz* amorphized Si. We have 3also examined electrical ’
activation and residual defects (using DLTS) in amorphized Si recrystallized :

by swept 1line electron beam annealing. VWe have also presented results of a

new electron beam annealing approach in which electrons are derived from a 1

AR o 3 Ay man
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Considorablg work has been dome on recrystallization of deposited silicon
on 3102 using lateral seeding from windows in the oxide to underlying é
crystalline Si. The approach used is heating by a marrow carbon strip which
traverses the sample surface in a swept line patteram. Large single crystals i
have been obtained by this method, but these cxrystals contain low-angle grainm
boundaries. Studies are underway om the crystallographic and electrical
properties of these films,

4.3 Implaptetion and Anpesling of Compound Semicomductors*® :

In the last reporting period we described studies of encapsulation and
annesling in IaP, Based upon those results, we have carried out extensive
messurements of impurity migration in implanted InP. VWe find that implanted E
impurities (e.g., Be) undergo anomalous migration during annealing of the :

b A Sl « . 0 8 T

. ‘- A RN B
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" Y

damage, and also that compensating impurities (Fe, Cr) used to make semi-

insulating InP migrate considerably. Correlations were observed between the g

¢.This work was supported by the Joint Services Electronics Program (U.S.
Army, U.8. Navy, and U.S. Air Force) under Contract N00014-79-C-0424, by the
Army Reseoarch Office under Contract DAAG 29-80-C-0011, and by the Office of
Naval Research under Contract N00014-81-K-0431.

#¢ This work was supported by the Joint Services Electronics Program (U.S.

Army, U.S. Navy, and U.S. Air Force) under Contract N00014-79-C-0424, and by
the Office of Naval Research under Contract N00014-76-C-0806.
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4. SEMICONDUCTOR PHYSICS 25

migration of implanted Be and either Fe or Cr. After annealing, flat tails of
Be extending over several microns have been observed, with an accompanying
decrease in Fe or Cr over the same regions. Similar flat tails were observed
in the case of implanted Mg. The migration of implanted Si in InP is much
Ibss,pronounced; however, Fe redistribution is observed which can scrionsly
affect the electrical properties of Si implanted layers.

Studies of anomalous impurity migration have also been initiated in GaAs.
Preliminary results indicate that implanted S in GaAs diffuses much less
during annealing when Si is present. However, this effecf is pronounced only
at relatively low S doses. At higher S comcentrations, the deep migration
commonly observed is not impeded by Si co-implantation. Work is currently
underway with GaAs layers doped with Si during growth, to separate out the
effects of defects and chemical effects between the impurities.

4.4 Electronic Transport st High Energies®

The goal of this research has been to develop a complete theory of
transport phenomena at high energies (> 1 eV above the conduction band edge)
in bulk semiconductors. In previous years we have developed a MNonte Carlo
simulation which included a realistic band structure as calculated by the
empirical pseudopotential method. The scattering rates were essentially
computed by the Golden Rule with the deformstion potential constancts regarded
as adjustable parameters. From the fit to a large number of experimental
results (impact ionmization rate, saturation velocity, effects such as electroa

collection in double-heterojunctions and real space transfer) we have obtained

a reliable set of coupling constants. The scatgcrin; rates are proportional

to the square of the coupling constants and the finmal density of states.
Because of the peaks in the density of states there are regions in the bands
exhibiting extremely high scattering rates. These high rates make it
desirable to use a more rigorous approach than the use of the Golden Rule to
include, e.§., collision broadening effects. Therefore we calculated the self
energy I from the relation (see e.g. J. M., Ziman, Elements of Advanced Quantum
Theory, Cambridge Univ. Press 1969).

* This work was supported by the Joint Services Electronics Program (U.S.
Ammy, U.S. Navy and U.S. Air Force) under contract N00014-79-C-0424 and by the
Office of Naval Research under contract N00014-76-C-0806.
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from I the scattering crossection is obtained via the optical theorem. Fig. 1
shows 2 Tm ss well as the scattering rate as calculated by the Golden Rule
(6). To lowest order the two curves should be identical. Notice .the
deviation bDetween the curves at high energies. VWe have meanwhile performed
calculations of the impact ionization rate including these effects. The
qualitative features of the theory of impact iomization remain the same; there
are, however, gquantitative differences. These become especially important at
large energies and will influence significantly processes such as the emission
of electrons from silicon into silicon dioxide which is so important for
stability considerations of  micron and submicron devices. Detailed

computations are ian progress.

4.5 Irapsport in Layered Hoterojunctidn Structures®

We have investigated the possibility of storage and switchirg between the
layers of GaAs separated by Alis‘l-xA‘ layers. The test structure shown in
Fig. 2 was fabricated using standard photolithographic and chemical etching
techniques. Four ohmic contacts were formed by vacuum evaporation of Au-Sa
and subsequent alloying at 450° for 30 sec in flowing nz, The resulting
structure had a dumbbell-shaped <center region containing sll aine
heterostructure periods, each of which was contacted at each end by sn ohmic
contact (labelled side contact im Fig. 2) that was diffused down through most
ef the layers. The areas containing the main contacts (see Fig. 2) were
etched down so that the top three GaAs—Alxggl_xA. layer pairs were removed,
leaving only the lower six periods contacted by the main ocontacts. If
voltages are applied only to the main contacts (no applied voltage on side
contacts) then only the GaAs layers in the bottom six periods will have high
electric fields. Some of the electrons that escape from the GaAs layers in
these bottom six periods can propagate into the upper electrically isolated
layers nearer the surfac; in the dumbbell bridge. If the sample is cooled to

oryogenic temperatures, the electrons that lose energy in these isolated

® This work was supported by the Office of Naval Research under contract
N00014-76-C—-0806 and the Army Research Office under coatract DAAG29-80-C-0011.
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Figure 4.1 Imaginary and real (inset) part of the self energy as T
. calculated in the Fock approximation (full line) and the X
% Golden~rule result (dashed line) fur the conduction band

’ of GaAs. For weak coupling the two curves should be identical.
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Figure 4.2 Device structure used for measuring switching and storage
effects. When a high electric field is applied hot electrons

can propagate from the bottom high field layers to the upper
electrically isolated layers.
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layers will become trapped in the GaAs regions and will mot be able to gain
ii enough energy from the crystal 1lattice or fringing low electric fields to j
escape by thermionic emission, Thus, as soon as the electric field between
E; the main contacts becomes high enough to cause electrons to be emitted from
i the lower GaAs layers, s fraction of these electrons can propagate t; the
!! upper 1isolated GaAs 1layers where they are trapped, provided that the side
o contacts do not connect through to the lower layers iaterconnected by the main

contacts. The resulting current between the main contacts will be reduced for
all following measurements of the current at lower fields. Suppose a2 voltage ;
is then applied only to the side contacts so that the resulting electric field :
:- in the dumbbell bridge region is high enmough to sllow thermionic emission of
the electrons in all the upper GaAs layers as well as those between the main
" contacts. The initially higher concentration of electrons stored im the top
three periods will then be redistributed to the other periods, thus restoring
the original carrier distribution of the sample before any voltages were

""'Il""

it}
NPT

applied. The ocurrent—field characteristics between the main contacts at low

L

fields will then slso returm to their original values.

The results of curreant-field measurements between the main contacts on a ;

- sample cooled to 10 K is shown in Fig. 3. Measurements were performed using E

5 700 ns voltage pulses at 1low repetition rates to reduce sample heating. {

Measurements of the current vs. field shown in the graphs were taken at 600 ns 5

after the beginning of each pulse, although no time dependence was observed in j

the pulses between 1 and 700 ns. The sample was mounted on a temperature h

controlled cold finger in an evacuated sample chamber and standard 350-8 ;

sampling oscilloscope and x-y recorder techniques were used. All measurements ;

were porformed with the sample in the dark. The upper solid lime in Fig. 3 ﬁ

= shows the virgin current-field characteristics between the main contacts when ]
- the first voltage was initially applied to the main contacts (mno voltage

% between side ocontacts). After the electric field exceeded a threshold value ]

necessary to caunse s real-space transfer of electrons, the voltage was 3

;} returned smoothly to zero, resulting in the lower solid curve.

The significantly lower current values measured as the voltage was

. . ves
s s

returned to zero indicates that a fraction of the electrons have been

V)

transferred and stored and can no longer contribute to the curreant. Repeating
the same voltage scan several seconds later (dashed curve in Fig. 3) revealed

ST [ e T
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- Figure 4.3 Current-field characteristics measured between the main

contacts (Fig. 4.2) at T, = 10K. The prolonged reduction in
the current flow following the initial voltage scan is due to
the switching and storage of electrons. The initial (virgin)

scan characteristics are restored by applving a high electric
field betveen the side contacts.

..................




.......................................

:

R A R O T e
mtaa® % T A A mn b da 3 4 I LI S S VP Sy Yo bl

4. SEMICONDUCTOR PHYSICS 31

only a slight change in the reduced curreat. Another scan of the voltage
several minutes later (dot-dashed curve) exhibited oanly a small further
increase in the reduced current, indicating the number of stored electroms had
changed very little. Immediately thereafter, a high field was applied between
the side contacts (no applied voltage om msin contacts) to redistribute the
stored electrons. The following voltage scan between the main c;ntacts
resulted in a retracing of the initial virgin solid line current~field ocurve.
The above pattern of voltage applications was repeated many times with the
same results. The experiments are still. inconclusive as’ to whether the
electrons are stored in the upper GaAs layers or in deep traps in the Ale‘1_
fAs or in surface states, since a complete electrical separation of the layers
(side contacts) is difficult to achieve. Also, the density of deep traps is
not well-known in these samples and more research needs to be done. However,
the effect not only proves the concepts of real space transfer as discussed
before, but also shows the device potential. In addition, interesting
physical parameters may be determined by time resolved measurements of the
kind described above, since all these effects are extremely senmsitive to
electron-phonon interaction, quantum mechanical transmission coefficients,
ete.

4.6 Ballistic Jransport and Ultrafsst Submicrop Devices®

We have used our Monte Carlo simulation program to investigate the
possibility of ultrafast collision free tramsport as proposed by Eastman at
éorncll. The result of our simulation is that in a narrow range of parameters
ultrahigh speeds are possible. Collectors and drain regions of current
semiconductor devices, however, are outside this parameter range (becaunse of
the high voltage drops) and therefore represeant the bottleneck for speed.
This problem is fundamental im nature and can only be circumvented by
constructing devices with extremely short collector or drainm regions. Fig. 4
shows typical results of transit times vs device length for GaAs with the
electric field as parameter. The electrons are assumed to be injected at 300

meV energy and transverse the distance indicated at the z-axis. Notice the

paradoxical incresse iu transit time with increasing field, which is caused by

the population of higher conduction band minimas.

U.S.
® This work was supported by the Joint Services Electronics Program (U.
Arny, U.S. Navy, snd U.S. Air Force) under contract N00014-79-C=0424 and the
Army Reseaxch QOffice under comtract DAAG29-80-K-0069.
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J. E. Greene ' G. Bajor
Graduste Students

U. Alpay R. E. Klinger L. Rivaud

S. A. Barnett B. Kramer _ A. Rockett

S. Fang D. Lubben L. Romano

8. Gorbatkin M. A, Ray I. Shah

5.1 Semiconductor Crystal Growth from the Yapor Phase: Ion-Sucrface. Plasms.
and Laser Stimulsted Resctions '

We are studying emergetic particle~surfasce intersctions and stimulated
gas phase reactions which control the nucleation and growth kinetics,
chemistry, and physical properties of compound and alloy semiconductors grown
from the vapor phase by UHV ion beam sputtering, plasma-—assisted chemical
vapor deposition, accelerated beam MBE, and 1laser—induced chemical vapor
deposition. The common feature of these techniques is that crystal growth
proceeds under non-equilibrium thermodynamic conditions through the production
of highly reactive gas phase species: excited atoms, metastables, radicals,
and ions. Such species transfer emergy to the growth surface upon
condensation thereby altering the surface reactivity as well as adsorption and
adatom diffusion kinetics allowing film growth at lower temperatures, & wider
range in controlling doping comcentrations and tailoring film properties, and
the growth of uaique metastable materials. This work is being pursued from
both san analytical and an experimental point of view to establish a detailed
understanding of fundamental film growth mechanisms. We have recently
published two invited review papers in this area [5.3, 5.4]. Results from

® This work was supported by the Joint Services Electronics Program (U.S.
Army, U.8. Navy and U.S. Air Force) under contract N0O0014-79-C-0424.
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this research have a wide range of spplications in additiom to crystal growth

: including the active research fields of reactive ion etching, ion beam
lithography, microchemical analysis, plasma chemistry, and laser—materials
interactions.

5.2 Jon/Surface Interactiops

-

We have developed goneral models for predicting elemeatal imcorporatiom
probabilities of accelerated species incideant upon growing film surfaces
during vapor phase deposition [5.4]. Trapping (low energy implantation),

v vy 3

GO
H L T
‘. Lot et Tee et

scattering, re—evaporation, and preferential sputtering are accounted for.
More receatly we have added terms for collisional mixing and segregation of

) B e aae s

dopants. As discussed briefly below, the use of these models in analyzing y
experimental data not only leads to a more detailed understanding of film
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growth processes but also gives predictive capability in desiganing new
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experiments or comsidering the growth of new materials.

a

5.2.1 Nuclestion and Growth Kinetics T

Initial experiments wusing both in-situ electron diffraction anmnd

replication transmission electrom microscopy have been ocarried out to

a4
PR
-

i
v - e’ [y
T Qe teatth
'.m‘" AR

investigate the effect of low energy (< 200 eV) ion bombardment on nucleation
kinetics., Preliminary results for Ge and GaAs on smorphous Sio2 substrates

§;< show more than an order of magnitude increase inm grain size as well as 2 large
ii . increase in the degree of preferred orientation, (100) and (110),
;ﬁ respectively.

. Ion/surface interaction effects have been found to greatly affect the
P growth kinetics of sputter deposited single crystal GaAs. Experiments were

- carried out on (100) GaAs substrates as a function of deposition rate R, 1
' growth temperature T;. incident As/Gs flux ratio JAs/JGa' and ion acoeleration )

: 4
X voltage V., Atomic Ga and As beams were obtained by sputtering from a single |
L orystal undoped GeAs wafer while the simultaneous evaporation of arsenic from :

:g sa effusion cell provided am As, overpressure. The results show that ia
ﬁ; direct contradistinctioa to MBE growth using thermal beams, R depends not just
= on JGa but also on the surface composition of the growing film and, hence, on

jﬁ T' sad the relative As; overpressure. This is primarily due to secondary :
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5. THIN FILM PHYSICS 35

sputtering effects. An analysis of the data based upon earlier studies
iavolviag the resction of thermal molecslar As, and Asy on lested GaAs
surfaces allows a determination of the surface binding energy of Ga ass s
funotion of the As surface coverage.

5.2.2 Elemeatal Ingozvorstion Probabilities

Achievable doping concentrations of many importaat dupaats ia MBE films
'g:m under practical oconditions has been 1limited by low thermodynamic
sticking probabilities. However, acceleration of these dopants to relstively
low energies, a few handred oV, has been shown by several imvestigators to
result in enhamcements in aet incorporation probabilities in GaAs and Si of wp
to eight orxders of itgnitulo. Ve reported similar effects for 8 doping of

_sputter deposited GaAs last yoar.

Using the model descrided briefly in section 5.2 above, we have analyzed

" our experimental results for a’oulo:atoi_l 8 doping of sputter deposited Gals

[5.5] and As doping of MBE 8i (grown by Dr. Ots, Bell Laboratory, Holadale).
In both ocases, several orxders of u;@irtm 't“insu wers observed in the
overall incorporstioa probability, however the detailed wmechanisms involved
were quite different. In the former case, 8 comoentrations [S] of up to 1.2 x
1021 “3. ss measured by secondary ioa mass spectrometry, were obtained using
aa H,8/Ar glow discharge source. The primsry mechanisms of incorporation
invelved a ocompetition betweea dissociative chemisorption ocoupled with
trapping and prefereatial secoadary sputtering giving rise to s minimsm in (8]
st 8 oritical substrate potential. [8] increased linearly with increasiag i3
partial pressure but was not affected by varying the As/Ga flux retio between
12 and 40. Very sharp doping profiles (see also section 5.2.3) with no
indication of surface segregation were obtained for programmed doping steps.
In the 8i:As case, the total joa curreat was low emough to meglect sputterisg,
but enhanced near-surface diffusioa and segregation as well as trappiag had to
be considered.

While the growth parameters were very differeat in the sbove experiments,
the e¢aleulated results agreed very well with measured results ia both cases.
The model is now being used to make predictions im other systems and to
provide a general bdasis for understanding accelerated doping.
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5.2.3 Segregation snd Dopapt Distribution

A segregation model was developed for predicting surface accumulation of
dopants and the corresponding dopant depletion region near the film/substrate
interface during MBE and sputter deposition, The model does ot require a
rate~kinetic 1limitation to 1lattice incorporation but instead is based on a
surface segregation potential controlled by the strain free energy resulting
from misfit solute atoms, ”"bond bresking” terms due to a decrease in the
surface free energy when bulk species with lower enthalpies of sublimation are
exchanged with surface atom species, and the excess entropy of mixing. The
depth distribution of dopant throughout the entire film can be calculated by
solving the full position and time dependent socon& law of diffusion
accounting for both diffusional and drift fluxes, The segregation potential
enters into the latter term through the drift velocity. The equations are
solved in differential difference form subject to boundary <conditions
depending on the nature of the experiment.

As a first application of the model [5.10], we applied it to the well
known problem of Sn surface sccumulation in MBE grown GaAs where the surface

concentration QSn is typically 3 to 4 orders of magnitude greater than that of

the bulk Cg and a Sa deficient region up to 100 nm wide is left at the
film/substrate interface under normal growth conditioas. Calculated Sa

profiles were found to agree extremely well with measured profiles, obtained
using secondary ion mass spectrometry (SIMS) in several series of GaAs:Sa
samples (grown im collaboration with Prof. Morkog) where the growth
temperature, the 134165 flux ratio, and the Sn flux was varied. By adding
terms accounting for trapping and collisional mixing (recoil implantation) we
can also model accelerated beam doping experiments and are now applying the
model to interpret and explain published results for accelerated doping of
MBE~grown Si. Finally, the model can also b used to predict experimental
conditions 1leading to better control over dopant distributions. Using these
ideas, we have demonstrated a reduction of 8y in GaAs by ~ two orders of
magnitude with a correspondingly sharper profile at the film/substrate

interface for the same Cg, used in the sbove experiments.
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5.2.4 Growth of Single Crystsl Metastable Semiconductors

As reported last year, we are carrying out the first detailed study of
the growth and physical properties of new single crystal metastable
semiconductors. The key feature in stabilizing the growth of these materials
is the controlled use of low energy ion bombardment during depositiom to
modify elemental sticking probabilities and adatom diffusivities and to
promote collisional mixing, The research described in sections 5.1 through
5.2.3 above has provided a much better understanding of the growth of these
unique materials. During the past year we have concentrated our efforts on
the study of (GlA3)1_xGex because of the importance of the end-members, the
interest in Ge/GaAs heterostructures, and the fact that it is representative
of a new subclass of potentially important alloys, (III—V)I_xva,

Epitaxial metastable (G‘A')1-36°x alloys with compositions ranging from x
= 0 to x =1 have been grown on (100) GaAs substrates by ion beam sputtering

in an ultrahigh vacuum system. Electron channeling, double crystal X-ray
diffractometry, and X-ray :._~grapby analyses indicate that the films are of
very high crystslline perfection. Either n—-type or p—type conduction, with =n
snd p varying over several orders of magnitude, could be obtaimed by varying
the film composition, the growth temperature, and the As overpressure during
deposition, The equilibrium GaAs—-Ge pseudobinary phase diagram has been
determined by differential thermal analysis to be a simple eutectic with an
invariant temperature and composition of 880°C and ~ 18 mole % GaAs. A great
deal of insight into the bonding structure of these alloys has been achieved
by fitting calculated 1liquidus, solidus, and soluns boundaries, based on
pairwise potential quasi-chemical models, to the experimental results. Such
models inherently contain not only free emergy (i.e. activity) vs x data bdut
also require knowledge of nesrest—neighbor bonding confignrations.
Collaborations established with Prof. Dow (theory), Prof. Raccah at UICC
(Raman), and Dr. Aspnes at Bell Laboratory, Murray Hill (spectroscopic
ellipsometry) have also provided a more quantitative understanding of these
slloys. Ramsn data show single mode behavior across the alloy system with the
LO mode obeying a Vegard’'s law type of behavior while the TO mode frequency
incressed approximately linearly up to x = 0.75 and then much more rapidly
thereafter. The elemental mass differences were too small to give rise to
localized modes but stromg alloy broadening was observed. The broadening
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effects correlate with disorder along the (111) bonding direction. Optical
absorption measurements indicated a large negative bowing in the direct Bo
band gap as a function of alloy composition., However the shape of the bowing
can not be fitted by simple dielectric parabolic models. Ellipsometric data
also indicate large negative bowing in the direct El and E, tr.nsitions..

Very recent measurements using analytical scanning transmission electron
microscopy combined with energy dispersive X-ray spectroscopy indicate that
the slloys are homogeneous to within the 3 to 5§ mm resolution of the
techniques while phase separation was observed after annealing near 800°C.
This technique offers potential for in-situ phase transformation studies as

well as for resolving <current arguments comcerning clustering im .

superlattices.

5.2.5 Reactive Ion Etching of GaAs

The first detailed study of the reactive ion etching (RIE) of GaAs has
been carried out by our group [5.8]. We investigated the RIE of (100) GaAs in
pure CC1,F, and CF, discharges as well as in mixtures of Ar and CCl,, CCL,F,,

or CF4. Anisotropic etching with removal rates, R, of up to 800 nm/min have
been obtained in reactive discharges operated at a pressure of 40 mTorr and a

target voltage of =-3kV. The physical sputtering rate in pure Ar discharges
operated under the same conditions was only 40 nm/min. A combination of in-
situ optical emission and absorption spectroscopies have been used to show
that in both pure and dilute (up to 90 mole % Ar) halocarbon discharges,
physical sputtering of atomic Ga and As is not s primary etching mechanism for
GaAs, slthough ion bombardment does play a critical role in the overall
process. Transient glow discharge optical spectroscopy measurements
demonstrated that while P iicreased with increasing C1/F ratios in the etch
gas, the steady state carbon concentration at the GaAs surface slso increased
indicating that carbon accumulstion is not the rate limiting step to etching.
Rather, the rate limitation is provided by the desorption kimetics of gallium
halides which we believe are ejected primarily (except in pure CCI‘) through
ion-assisted processes as the reduced radicals Gan and/or GaCl, (x=1 or 2).
We have proposed a phenmomenological model to provide a qualitative description

of the etching behavior of GaAs in mixed halocarbon/inert gas discharges.
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T

5.3 Laser Stigulated Resctions

l' Ia collaboration witi the Solid State Physics Division of Eastman Kodak
Research Laboratories, epitaxial regrowth of Ge/GaAs heterostructures by
3: scanned laser annealing of amorphous Ge films on GaAs substrates has- been

studied as a function of 1laser power and scan rate [5.6]. At least eight
!' regimes representing different film regrowth -characteristics were observed.
: Of these, two were of primary interest. At low powers (between ~ 1.6 and 3.2
¥ for a beam diameter of ~ 40 pum) and scan rates between 1 and 400 cm/sec,
polycrystalline Ge with a (100) preferred orientation was formed by an

- "explosive” crystallization mechanism. At higher powers, and over a scan rate
e range of 25 to 400 cm/sec. single crystal metastable (G'A”l-xc°x allois were
- obtained by liquid phase regrowth. Typical film zesistivities, p, were as
E- follows: as-deposited p = 1800-cm; polycrystalline films, p = 3 x 10~2 Q-cm;
. single crystal films, p = 9 x 10~4 0-cm.

L

5.4 Laser Stimulated Chemical Yapor Deposition*
il In collaboration with Prof. Eden of the Electrical Emgimeering Dept. at

UIUC, we have grown the first polycrystalline Si and Ge films [5.1] om
amorphous Si0, substrates (average substrate temperatures < 120°C) by the

photodissociation of SiH /N, or GeH,/He mixtures, respectively, using pulsed
g AsF (193 om) and KrF (248 nm) excimer lasers. For both Si snd Ge, the film

growth rate exhibited 8 strong dependence on laser wavelength and beam
£ intensity I where 1 { I ¢ 10 MV, - om 2. As-deposited films had average grain
B sizes of up to 0.5 um and the grains were equiaxed with a random oriemtation.
F< Ge films grown at slightly elevated temperatures, ~ 300°C, were p-type with a
A carrier oconcentration of 2 x 1017 cp‘s and a corresponding mobility of 120
) cm?/V-sec. Ge films doped with ~ 1029 ox™3 A1l wore obtained by the
Rf simultaneous photodissociation of Al(CH3)3 and GeH,. Optical absorption and

emission experiments are being carried out to investigate photon-molecule gas

phase reactions.

® This work was supported by the Office of Naval Research under contract

£ NO0O14-81-K~0368.
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' 6. MICROWAVE ACOUSTICS®
A o
sy . ‘
_% : ~ B. J. Huasinger R
ALl - :
..\\5
& |
By E. Bogus R. Miller G. Pieters
;i‘ M. Hoskins M. Nesdhan A, Santome
K 6.1 Objective

GaAs is s unique material in that it has semicomductor properties that
make it ideal for high-speed electronic devices, and it has piezoelectric
proportids that make it usable for acoustic devices. Very powerful monmolithic

N _P-a-‘
AL I}’ 4242

T

il
L AR N

signal processors will be feasible oa GaAs because the electronic devices
E% provide the gain and control while the ascoustic devioss provide the very
2y compact low power fast memory required for signal processiag.
. Whea s surface acoustic wave propagates aloag the metallized surface of a
n GaAs substrate it produces poteatial wells buried s few microms or so umder
ﬂJ the surface tht move aloag with the wave st the velocity of sound. These
X traveliag wave potential wells, sssocisted with the acoustic wave, are used to
;ﬁ ~ ocapture the electrons and tramsport them in synchronisam with the wave. The
?Q objective of this research is to investigate electromic traasport by the
ﬁ traveliag wave potential wells for various configurations of-multi-layer Gals

Py
¢
e §

substrates.

6.2 Deseriotion and Prossess

3 s/ et

The principle of electronic tranmsport by surface acoustic waves on GaAs
substrates has been demonstrated. The first device demonstrated this
charscteristic as s delay line which is in many ways similar to a coanventional
CCD. The ocharge is injected at ome point, propagated along by potentisl
wells, and them collected at a later point. The time during which it remains

P
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Ty ® This work was sspported by the Joint Services Electronics Program (U.S.
Ly Army, U.8. Navy, and U.8. Air Force) under comtract NO0O14-79-C-0424.
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6. MICROWAVE ACOUSTICS 41

in the substrate represents signal delay. The difference between the acoustic
chargo transport (ACT) devices and the conventionsl CCD is that the ACT
devices have no gate structures, and the charge is carried strictly by the
potential wells of the acoustic wave. The following paragraphs briefly
describe the first experiments and the results of those experiments.

A photograph of the device shows the overall layout of the ACT and the
physical geometry of the multilayer buried channel structure is described as
follows: The layers, grown by molecular beam epitaxzy on a [100] cut Cr doped
GaAs substrate, consist of a 1.7 um thick P layer (Na ~ 1013 c-s) and a 4.7
pm N layer (Nd ~ 1013 cn-a). The device transfer channel located under the
Schottky Barrier region is oriented in the <110) direction, and is delimeated
by a preferential mesa etch to a depth of 5 um. Obmic contacts to the input
and output diodes and to the exposed P layer are formed using the liftoff
process, After the contacts are alloyed, the Al Schottky barrier, acoustic
interdigital transducer, and interconmect pads are formed using standard
photolithographic techniques. The interdigital transducer, which has
approximately 100 electrode pairs, generates 7.9 um wavelength SAW over a beam
width of 150 wavelengths at a frequency of 367.1 MHz. The transport channel
is 1 mm wide and 1.55 mm long corresponding to an acoustic delay between the
input and output diodes of 0.5 pus.

The Schottky barrier region ‘3 depleted with DC bias and the SAW
generated by the transducer propagates from the input diode to the output
diode. Charge carriers are injected into the wave by applying a short
negstive .pulso to the input diode. The electrons are bunched and transported
along the channel by the potential wells of the SAW., VWhen the wave amplitude
is large, the injected electrons are quickly bunched and moved synchrbnonsly
with the wave, at precisely the sound velocity. Upon reaching the output
diode the delayed ocharge packets are swept out of the wave by the applied
reverse bias resulting in a curreat spike in the output detection circuit.

In the sbsence of loading and diffusion effects, the minimum traveling
wave electric field secessary for the synchromous transport is about 40V/cm.
In our experimeants the acoustic power is 10 aW resulting in a peak electric
field of about 600 V/em. The fields will be an order of magnitude greater in
future experimeats. The output diode current obtained when the SAW transducer
is drivea by s 367 Mz sowrce is fouad to be s nearly perfect delayed replica
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b
; :{é of the input wavefora.
;w There are seversl fuandamental festures of the ACT device:
§ _ (1) Synchronous slectron tramsport is induced using the SAW as a aatural
%3 "glock” eliminating the meed for transport gates and the msltiphase clock
drivers..
7 -(2) The interfering "clock” noise is eliminated. é
:: (3) The ACT is expected to be monolithically integratable with high speed
- slectronic components. o A
LY
0 (4) High clock frequencies and large time bandwidth products appear to be
’".: feasible because the charge transport efficiemcy is high.
n '
Bl
3

i The experimental results ihov that the ACT has the potential for the
A implementstion of high speed, large - time~bandwidth product, large dynamic
range, monolithically integrated signal processors.

. I 6.3 Recent Develcoments in LAY Techaolosy®

o 6.3.1 Efficient LAV gomvolvers

g Line Acoustic Wave (LAW) comvolvers with a measured internal efficiency
% .

factor of -40dbm have been demonstrated. At least 10db of the losses are due
to bulk wave gemeration, and resistance in the conductors. If these loss
mechanisms are reduced, s ~30dbm internsl efficiency factor should be
possible. This is about two orders of magnitude more efficient than the
Surface Acoustic Wave convolvers presently ia use.

The dynamic range of LAV devices «wrprisingly bhigh. Devices
o " implemented with nsrrow bandwidth IDT trans - vlaced aloug the edge have
A besn operated with isnput power 1levels ia sxcess of + 274bm. The LAW
convolvers are mnaturally resistant to second harmonic generation and no
saturation affects could be measured at thsse power levels. However, the wide
band LAY IDTs are destroyed while operating at such high powers. The failure
mechanisms invariably involve the high electric fields associated with the
wideband IDI, and these failures will be reduced with the Multi-Strip Mode

)

g
~% -\
4‘"4’».‘_

e
S I

4 ® This work was supported by the U.8. Air Force wnder ocontract F19628-81-
_j"'j K-0031.
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Cre & H

Converter transducer. (MSNC)

6.3.2 Xideband NSMC LAY Irsnsducers
Broadband MSNC LA' transducers are implemented by uutntin; surface

acoustic waves and then comnverting them to LAWs, The ofﬁciuncy of the

surface acoustic wave to LAW mode comversion process is expected to reach the
1 to 2 4b level. It should then be possible to build a MSNC LAV transducer
with an ingertion loss of about 5db. This will be further reduced by two to
5y - three db if umidirectional SAVW transducers are used as part of the MSNC. The
bandwidth of the MSMC LAW transducer has been increased from 2% last year to
the present value of 7% and devices with 20% to 30% bandwidth are presently
being processed.
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7. SURFACE STUDIES

* Eaculty aad Semicr Staff

3 o | :

iy 6. Ehrliok _ R. S. Chaabers
o

\. 8. Abrams D. J. Coslman J. L. Vittitow

S S. G. Brass . H.~-W. Fiak F. VWataansbe

& B. H. Chia T. C. Lo _ 3. D. Vrigley, Ir.
i 7.1 Diffasicn sad Resctivity on Metals®

Part of our effort has been concesatrsted om understanding how polystomic
molecules decompose on & solid; in this work we have beea focusing upoa the
intersctions of methane with tuagstea surfaces. These interactions are
particularly iateresting. Decomposition of methane on metals requires a

;.‘4 sizeable sotivation emergy aad this system therefore affords a good
I':: opportuaity for exploriag the mechanism of swoh reactioms. Is the past, owr
"' studies have been done on evaporated films; for these we have bduilt uwp
coherent view of the molecular eveants on the surface [R1,7.8]. Receat work
:' hes stressed the role of surface structure ia the decomposition process. For
N this, new techniques and equipment have beea implemented to allow measuremeats
_\ on well-charssterized siagle orystsl planes.
o Ia order to follow the iateractions of methans, a rather unreactive gas, J
": we have adopted cqntut potential messurements. These make it possible to |
_;-' establish the surface ocoverage without perturbiag the gas with eanergetic
: electrons, high fields, or thermioaic sources. The system which has been

built for contact poteatial measuremeats oa siagle orystal plames is shown
schematically in Fig. 7.1. Ia it a molesular beam of hot gas impinges oa a

® single orystal specimen. Changes ia the coatast poteatial arisiag vwhea the
»k impingiang methane deocomposes oa the surfase are measured by s vidbratisg

¢ This work was sspported by the Natiesel Seience Fouadatioa suader Graats

4|
e DIR 78-25015 asd $2-01884.
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Fig. 7.1 Top view of ultrahigh vacuum system for contact potential
measurements of activated chemisorption of methane on single

crystal sample.
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zeference eloctrode of gold, which is placed in close proximity to the surface

Xy
‘l

\! before and after gas bombardment. The cleanliness of the sample prior to
3 measurements, as well as the contamination rate in the system, is determined
:ﬁf by an Auger system <relying om a small retarding snalyzer built ianto the
i?: resction chamber. , )
- The results of studies on the (100) and (211) plnios of tungsten are
shown in Fig. 7.2. The activation energies differ significantly on the two
- surfaces, the (100) being more unreactive. There is also s sizeable isotope
- effect for bYoth, with the barrier for cn4 exceeding that of a‘ by more than
20%. In thess experiments only the beam temperature is changed; the crystal
Ry is maintained at room temperature. These sctivation energies therefore refer
entirely to excitations imparted to imcoming gas molecules in order for them
”}. to react.

Further experiments, on differently oriented plames of tungsten, are
underway in order to more fully expose the relation between surface structure
and reactivity toward methane. One thing has definitely been established -
the atomic arrangement of the surface plays & very significant role in
¥“ sffecting the activation energy for molecular decomposition.

a In a chemical =reaction on a solid, the initial act of molecular
o decomposition is omly one of a sequence of steps which finally leads to a new
product. At some stage of this reaction molecular fragments must diffuse over

B (

T TATET

the surface to form new chemical combimations. Part of our studies has been
aimed at exzamining how diffusion occurs on macroscopic orystal planes. To
carry out these iamvestigations we bhave built & molecular beam system,
illustrated in Fig. 7.3, in which a localized deposit of gas in the form of &
line is formed on s single crystal plane. By moving the sample across the

s AR

fized electron bdeam of an Auger spectrometer, the concentration g of adsorbed
gas ocan be determined as a tunction of both time and position. In prinmciple
it should therefore be possible to measure the transport over the surface and
B thus to establish the surface diffusivity.

;ﬁ} A start in this effort has been made with preliminary studies of nitrogen
on W(100). |Measurements on an imitial deposit of half a monolayer are shown

L5l
Y

in Fig. 7.4. In diffusion over the surface we expect a general redistridbution
T of the gas, 1leading to a broadening of the comcentration profile. There is
;“ﬁ little indicatiom of anmy such effect in the data. The peak of the
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- Temperature (K)
i | |
ra %’\\ - . -
) Sy CHeonW(211) 1
o \_\\E‘,-?,s £ 0.4 keal/mole

55
3§
/o

Rate (anﬁMmywmﬁi

CH4 on W(100)
£429.72 0.3 keol /mole

ae Fig. 7.2 Tcnpcrituro dependence of nnthaﬁ. decomposition on different
e faces of tungsten. E‘ = getivation energy for decomposition.
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Fig. 7.3. Top: Overview of molecular beam system for surface diffusion
studies. Sample manipulator is at top, beam system at right.
Bottom: Detail of sample mounting, as seen through bell-jar window.
Molecular beam noszle at right, electron bombardment heater and
crystal wafer in center.
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. Fig. 7.4 Concentration profiles for nitrogen on W(100) after equilibra-
tion at 1300°K.

' Fig. 7.5 Intensity of nitrogen Auger line versus substrate intensity,
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oxidation of silicon.

| Our work on the spatial stability of these overlayer structures will
-:5: focus upon surface transport as the important mechanism. 8Such traasport is
quantitatively characterized by the diffusivity D in Fick’s second law [7.1],
: which for ome-dimensional diffusion appears as i

!! 3 3 pic
at - 3x D ax (1)
_";' One of the problems in surface diffusion is that the diffusivity is generally
not a constant at constant temperature, but instead varies with comceatrationm.

Under these circumstances Eq. (1) has not been solved inm closed form and the
question is: How can D be deduced from experimeat?

Using the Auor' methods described im Sectiom 7.1, the comcentration
profile, that is the concentration as a funotiom of position, can be obtaimed
for diffusion intervals of different lengths. From ome such profile the
spatial derivatives can be ovaluated; the time derivative at constant
concentration should also be available from several such determinationms.
Using computer modeling we have begum to explore how effective this techmique
is, and how much data are required for its implementation. In Fig. 7.8 is
shown the form of the diffusivity assumed in our trials. This is compared
with the values of D derived from measurements of seven comceantration
profiles. From this preliminary work it appears that our technique has
promise. It still remains to explore how significant experimental
uncertainties are in affecting the derived diffusivity, and how much data are
required for reliable results.

7.3 Atomic Exploration of Crvstal Lavexs®

In an endeavor to better understand the formation of metal overlayers on
solids we bhave been examining the iandividual atomic steps involved in such
processes using the field ionm microscope. Diffusion of iadividual mestal atoms
is obviously important; we have shown in past studies that atomic diffusioa in
some systems, at least, may be quite complicated [R2]. On the (110) plame of

® This work was supported by the National Science Foundation under grants
DMR 80-24061 and 82-01884.
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54 7. SURFACE STUDIES

certain fsce—centered cudbic metals, atomic diffusion occurs by a creplacement
mechanism in which the adatom displaces the lattice atom, pushing it into an
adjscent channel while incorporsting itself into the 1lattice. According to
our studies this is how motion takes place on the (110) plame of iridium. Now
it is known from work on large scale simgle orystals that Ir(110) is
reconstructed and does not have tho atomic arrangement of a (110) plane in the
bulk. In contrast, the (110) plane of rhodium is mot reconmstructed, and om it

diffusion is normal. Is there a connection between cross—chanmnel diffusion

ﬁif and surface structure?

ﬁ!. Regrettably the atomic arrangement of the planes on vwhich diffusion
5?, measurements have been made is not known; we have begun an examimation to
;ﬁ; better define the atomic arrangements. From méasurements of the spacing
fé} between the [110) rows, we know that Ir(110) produced by low temperature field
:!t evaporation has undergone a (2 x 1) reconstruction: the distance between the
tf;; imaged close-packed rows is twice the normal. This still does not defime the

positions of the individual atoms at the sucface. We have been able to get

.o some idea about this from observations of a sequence of field ion images
ﬁgﬂ produced by evaporating ome layer of the surface, imaging, evaporating another
_ﬁif layer, and then reimaging. The present view of the atomic arrangement of the
ﬁ? (110) of iridium, as produced by field evaporation, is shown in Fig. 7.9. The
iﬂf plane is seen to be restructured in a complicated way involving a comsiderable
E;! displacement of many surface— and near-surface atoms. The extent to which

other fcc materials undergo similar rsearrangements is presently being
investigated. | "

A beginning has also been made at examining the actual formation of an
overlayer. In these studies rhenium layers on W(211) have been explored. By
using a single rhenium adatom to map out binding sites on the surface it has
been possidle to establish that rhenium layers are pseudomorphic with the
substrate; that is, their structure conforms to that of the W(211) surface.
The energetics of rhenium atoms bound to the layer have also been examined.
Here most unusual results have been obtained. As indicated in Fig. 7.10, the
binding emergy of an sdatom in a channel adjacent to a large rhenium cluster
does not agree even qualitatively with our standarzd notions. When four sites
sze available to the adatom, the binding energy at the two center positions is
higher than at the ends. That, of course, is as expected. At the center
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56 7. SURFACE STUDIES

positions the number of mneighbors around the adatom is larger than at the
ends; however, when the cluster presents five edge sites, the situation is
quite different - the binding of the center site is actuslly less than at
adjacent positions. .

If this effect proves gemersl it would have comsiderable hpo:tnc; for
rationalizing the properties of overlayers, and work onm atom dbindings is
therefore continuing.

Refezences

[R1] CSL Annual Report of Progress 1980-1981, 7.1.

[R2] J. D. Wrigley and G. Ehrlich, Physical Review Letters., vol. 44, pp.
661-663, 1980.
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8. ELECTRONMAGNETIC COMMUNICATION, RADIATION AND SCATTERING

Eaculty
Y. Hayashi R. Mittrs
E. Farr | 8. Ray * K. Webd
R. Kastaoer T, Trinh J. Wilson

8.1 Millimeter-wave Intesrated Circuits®

In the past twelve-month period, we have investigated five different
aspects of millimeter—wave integrated circuits (MMIC). These are: (i)
multimode operation of MMIC with the cbjective of utilizing the waveguide and
components at fregquemcies that are muchk higher than that for which the
waveguide is originaslly ﬁsinod; (i1) theoretical and experimental
investigations of fia limes with ome or morxe layers of dielectric and ferrite
substrates; (iii) development of aew types of plapar waveguides for MNMIC
application; (iv) aasslytical studies of discoatimuities in open waveguides
using the aewly developed spectral-domsia techmique; and (v) design of
waveguide filters by iatrodusiang periodic discoamtiamities in the planmar guide.

Multimoded waveguides are expecsted to play s very important role in the
desiga of submillimeter-wave systems operatiamg, ssy, ia the 220 GHz window.
This frequency range appesrs to be well-suited for imaging radar application.
Since the dimeansions of the waveguides aad compomests become extremely small
at frequencies above 200 @GNz, it is worthwhile to determiae whether o
waveguide structure designed for the E-Band (80 GHz range) can be wtilized in
the 220 Gz range. Ve are curreatly performiag studies on differest aspects
of this guestion.

A systemstic investigatiom of this question requires, as s first step,

® This work was supported by Army Research Office Grant DAAG29-82-K-0084
and by the Joiat Services Electronics Program (U.S. Army, U.S. Navy, U.S8. Air
Force) uader comtract N0O0014-79-C-0424.
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the development of an efficient co-pntoi program for the determinatiion of the

h‘: propagation constant, and the computation of the field distribution for the
[{} different modes in the guide. S8Such a program has been developed and tested
;ﬁ for the fin-line configuration, which promises to be s good candidate for both
tﬁz the -illinctog- qnd submillimeter—wave ranges. The program is able to

accommodate both the isotropic and amisotropic (e.g., ferrite) substrates.
Anisotropic substrates are, of course, employed in the design of momreciprocal
components, such as isolators, The theoretical results for the
characteristics of the fin line are also being verified experimentally. Plaas
for testing the multimode waveguides are currently maderway. Preliminary
results for the propagation measurements 1look encouragiag aad a more thorough
- investigation is currently being planned.
f?f Along with the fin 1line, we are also iavestigatiag other types of
> shielded, planar waveguide structures which appear to have some uaique
advantages. One of these is the suspended H-guide shown ia Figure 8.1. Its
advantages are low metal loss, total shieldiag aad compatibility with other
components fabricated by using the suspended H-guide. A theoretical amalysis
_ of this guide has been completed and numerical studies are currently being
:§3 performed. The potential use of the suspended H-guide as a buildiang dlock for
i MMIC is also being investigated.
An important theoretical problem arising in the development of MMIC
components is the understanding of the behavior of discontinuities in open

s oed

waveguides and their cirouit characterization. Conventional spproaches to
saslyzing closed waveguide discontinuities are not very useful in the
investigation of open-region problems, because the open waveguides not oaly
support the. usual bound modes, but an infinite, continuous spectrum of
Lo uabounded modes. We have been developing s new spproach based on the spectral
domain techaique which appears to be well-suited for geometries which are
unbouaded in nature. VWhen fully developed, the method is expected to fill an

_ importaat gap in the array of theoretical or numerical tools available for the
fgi snalysis of open region discoantinuity problems.

ﬂii Other components which we have studied are filters and periodic and
:;; leaky-wave antennss. Ve have imvestigated two different kinds of filter

designs ~ array of sandwiched dissimilar dielectric sheets and periodic notch
ot discontinuities in a plamar dieleotric waveguide. In the recent past, we have
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8. ELECTROMAGNETIC COMMUNICATION, RADIATION AND SCATTERING 59

investigated printed metallic strip discontinuities from the point of view of
designing leaky-wave aateannmas. Both theoretical and experimental
investigations have been carried out and extemsive results have been obtained.
Future work will be directed toward designing waveguide filters using periodic

-

strip discoatinuities.

8.2 Electromagnetic Scattering snd Radar Iarget Ideatificstion®

We have been developing s new spectral domain technique for solving
electromagnetic socattering problems involving arbitrary scatterers which may
either be dielectric (lossy or lossless) or perfectly conducting. This method
has been devised to serve as an slternative to Noment Methods and Asymptotio
Techniques for solving EN scattering problems in the intermediate (frequency
range. The method takes advantage of the simplicity with which the planar
source—field relationships are expressed in the spectral domain. The boundary
conditions or oconstitutive relationships, on the other hand, are expressed
most simply in the spatial domain. Alternating between the two domains is
carried out with the FFT algorithm. A technique that has been applied in the
past to planar structures has been generalized to accommodate three—
dimensional bodies. This is accomplished by sampling the curreant distribution
on the scatterer over a number of parallel planes, and using the simple
spectral—-domsin iateraction relationships between the planes. This new
approach is applicadle to arbitrarily shaped conducting, dielectric or 1lossy
dielectric scatterers. It has a larger data-handling capacity than that for
Moment Methods and is more general than asymptotic techaniques. Thus, it
provides an efficient, much-needed approach to filling the gap between the
low—- and high—-frequenmcy conventional techmiques.

During the past year, sdditionsl work has been done om the problem of
radar target ideatification by the method of determining the spatial
distribution of scattering centers. It has been found that both specular
points and edge diffraction points cam be located and categorized by analyzing
RCS dats with the Prony algorithm, A modified Prony algorithm has been
developed to handle the case of split spectrum measurements, i.e., when RCS

® This work was supported by Office of Naval Research Graant NO0O14-81-K-
0245 aad by the Joint Services Electronics Program (U.S. Army, U.S. Navy, U.S.
Air Force) under contract N0O0014-79-C-0424.
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dats are gathered in 2 or 3 frequency bands which sre not contiguous. Ve have
showa that many of the advantages of wide—band measurements cam be obtained by
combining data from smaller (and, hence, more jr.ctical) subbands.

Progress has been made towards aaswering the question of whether or not
the socattering cemter description-is still valid when corners are rounlied or
coated with dielectrics. Im order to determine this, the forward-scattering
problem must first be solved. Computer programs bdased on the spectral
iterative techaique, desoribed in the 1last paragraph, are ourrently bdeing
developed for solving the above-mentioned forward problems.
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9. PLASNA PHISICS®

Faculty and Senior Staff

M. Raether

Sraduste Student

8. K. Ault

9.1 Statistical Properties of Plasma ITurbulence

The objective of this research is to study the statistical properties of
plasma turbulence. The system under investigation is the positive columm of a
dc-discharge in helium which is uanstable with respect to the spomtameous
excitation of ion acoustic waves. Electric field fluctuations of the
turbulent wave field are picked up by a Languuir probe and their probability
distribution is measured by a fast sampling method. Significant deviationms
from Gaussian behavior aze noticed in the uastable regime. This together with
evidence derived from the spectrum poiants to possible phase and/or amplitude
correlations between waves of the kind that is typical for wave-wave coupling.
This allows us to draw comclusions as to the nature of the phase and amplitude
ensemble of the Fourier compoments. |

*This work was supported by the University of Illinois.
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10. RAREFIED GAS DYNAMICS AND COMPUTATIONAL GAS DYNAMICS

Faculty and Seaiox Staff
8. M. Yen

Szaduate Students

R. Chamberlaia P. R. Hall S. H. Lee

10.1 Raxefied Sas Dvanamics

" Rarefied gas dynamics deals with non—equilibrium gas flow problems im
which microscopic treatment 'socordla. to kinetic theory .is necessary to .
determine the effect of intermolecular collisions and gas surface iateractions
on both the microsocopic and macroscopic gas flow properties. Such rarefied
gas flow problems ocour mot oaly ia aerodymsmics, but also in electromics,
asxomony, mimﬁoaul fluid dynamios, and other related fields.

~ The aim of this research program is to develop numerical methods to solve
8 wide range of problems under conditions far from and near thermal
equilidbrium. A MNomte Carlo method has been developed at the Coordinated
Science Laboratory [R1] to solve directly the Boltzmann equation and has been
used by the Boltsmana growp to solve the Boltzmana equation for several
zrarefied gas {flow prodlems under a wide range of nonequilibrium and boundary
conditions [R2-R7]. The solutions we have obtained yielded detailed
microscopic and uo:oioopic non-equilibrium properties, most of which h.ve
never been treated and studied before. Ve have also studied anumerical
solutions of other kinetic equstions and other numerical methods to solve
rarefied gas flow problems, including the direct simulation technique.

Nonlinear evaporation—-condensation problems sre emcountered in such
diversified areas as upper atmosphexe meteorology, the cooling of nmclear
teactors, design of space oexperimeants, petrochemical engineering, vacuua
teohnology, and the interaction of high power laser radiation with metal
surfaces. The treatment of these problems requires first the consideration of
vapor Lkinetics problems characterised by the momequilibriom vapor motion in a
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2,
>

Knudsen layer at the isterphase boundary. Under & joiat research effort, we
~have suceessfully solved the ovaporation prodlem ([R8]. Our Boltzmann
solutions establish the validity of the Krook solutios and Ytrehus’ kinetic
theery w (R9]. Ytrehus’ approsch caz be used to calculate the jump
conditions scross the Knudsen layer and the net mass, momentum and heat fluxes
[10.3] and, tegether vith the coaveationsl contiawmm utibd. to calculate the
flow parameters st the euter edge of the Kaudses layer for problems in which
evaporstioa oceurs st the interphase bousdary.

N

[P

X

E; Studies Bave also been made for the ocomdensstion probdlem [10.2]. The

‘ non-equilibrizs vapor near a ocoadensing surface differs from that mear an
P avamctiu lu-fuc snd its behavior is more omlox. Our Bolt:mn solutions
R yield distinot nom-equilibriwm behavior in the Knudsen layer of condeasing
;‘ﬁ? vapor. ' The condensation zate as a function of pressure ratio was found to
E:J eh”ﬂl strongly om the uiatmu parameter P which io proportional to the

‘ F ratio of the htcnt lut and its uquu surfacs temperature. Some of our
| i Tesults were fomnd to be in agreement with those obtaimed by using the simple

spproaches of Oguchi (R10] and Ytrehus (m11]. ©
I. plan to w‘tmﬁy further the wsyouuen and the oam“atioa problems by
cmiurins mote mtu flow sad tnmnuty conditions.

10.3 Naval mm'

Fru surface wave noﬁlm encoustered in naval hydrodynamics are
cmmoziud by ocomplexities in flow geometry, flow features and boundary
sonditions. The flow has ss uskmown free surface and it is propagative and
tzansient. The bowndary ocosdition at the free surface is of a mized,
passbolie type and it contsiss highly sonlinesr terms. Iaz the steady state,
theze also exists o sadistion bemadary condition, since the waves, once

B genezated, propagste downstrean. These wl-cau;u have led to several
Ef’u computstiomal 4&iffienities: seeurately accommodating the free surface

geometry, satisfyisg the bouwndaszy ndlein'uuctﬂy over the free surface,
exeating the n‘uuu boundary condition and implementiag the boundary
sondition st the eomtast lime of the free surfsce with the solid surface of a

% This work was supported by the Office of Naval Resesrch under Contract
NOOO14-80-C-0740.
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partially submerged body.

In the initial phase of our study, we have developed two time—dependent
numerical schemes with Eulerian grid systems for solvimg stdady and unsteady
potential flows for nonlinear free surface problems. In one method
[R12,R13,R15], we use the finite element method to deal with the geole}rical‘
complexity and the free surface boundary condition of the nonlinear free
surface problems. In this scheme, the finite element metbod is used to make
the field calculation and the finite difference method is used for the time
evolution. We have used this method to solve two problems: a pressure
distribution moving with a constant speed and a moving submerged elliptical
cylinder or a symmetrical hydrofoil.

We have also developed an explicitly time-dependent finite difference
scheme [R14,R16]. We have used this method to solve two problems: a pressure
distribution moving with a constant speed and an elliptic oylindrical,
surface-piercing strut accelerating from rest. Our solutions serve to
demonstrate the feasibility of using the method to solve two-dimensional as
well as three—dimensional problems.

The results of the initial phase of our study were presented at the
Second International Conference on Numerical Ship Hydrodymamics ([R16].

In both numerical schemes mentioned sbove, the computational domain is
expanded downstream periodically during the computation as the disturbance on
the free surface is propagated close to the downstream boundary. Therefore,
the undisturbed condition is applied on the cut-off downstream boundary.

In order to obtain the longer time and steady state solutions, we use a
fized downstream boundary set close to the disturbance so that we can increase
the computatioa efficiency by dealing with a small computational domain. . The
second phase of our study has been focused on the application of our numerical
schemes to the noamlimear free surface problems with a fixed, small
computationsl domaia. Ve have studied two approaches. In each approach, we
have used Orleaski’s methol [R17,R18] to implement the open boundary condition
at the outflew bouadary. The two approaches differ im the treatment of high
frequency errors that appear in the solution and that inhibit accurate
treatmeat of the opem boundary condition., In the first approach, we used
filtering to miaimize high frequency errors. However, this was found to bde
effective only at aa early time; therefore, it is suitable only for obtainming
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trar_ieat solutions. In the second approach, we used damping in our time
marching schemes. Damping was found to be more effective in controlling high
frequency errors. Transient and steady state solutions have been obtained for
the pressure distribution and the accelerating strut problems.

The results of the second phase of our work were presented at the "Third
International Conference on Numerical Ship Hydrodynamics [R19].

We are now in the third phase of our research. The objective of the
study in this phase is to apply our method to the ship wave problem. Ve have
chosen the ship of Wigley shape as our first problem. The hull shape of this
ship is shown im Fig. 10.1. The numerical method we use has the following

features:
(1) the mesh system accommodates both the free surface and the hull surface,
(2) the nonlinear free surface condition is satisfied accurately, and

(3) the computation efficiemcy for the field calculation is increased by

using the successive line over-relaxation method.

The computer program to implement our method for the Wigley ship has been
written and preliminary calculations for the early times have been made.

10.3 Aerodvnamics

The objective of one of our studies for aerodymamic problems is to solve
directly the Euler equation in the entire compressidle flow regime: subsonic,
transonic and supersonic. There are several reasons we wish to do so. Onme is
to consider the rotationality inm the flow. The other is to facilitate error
study of the calculation since the same basic equation and the same n;-orical
method are used in the entire flow regime. Our initial effort is to study the
numerical solution of compressible flow over an axi-symmetric tricomic body.
We selected the implicit factored scheme which was developed by Warming and
B,a- [R20] to solve the Navier—-Stokes equation. We used the AIR3D Navier-
Stokes computer program developed at NASA/AMES and adapted by Nietubicz [R21]
for axi-symmetric flows. We developed and used a mesh generation system
designed for the triconic body. In addition, we revised the implementation of
several boundary conditions. \

Ve have obtained the Euler solution for N_ = 0.5 to 2.75. In order to
speed up the oconvergence, we use the solution for a lower Mach number to
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’ initialize the solution of a higher Nach number. The mesh system had to be
. refined whenever necessary for the ocalculation of flow for s givea Mach

number.
P Fig. 10.2 shows the surface pressure distribution, C’ vs x for M, = 0.5,
L 0.95, 1.2 and 2.75. These results are compared with calculations by Gustafson

[R22], who used a panel method for potential flow for l. = 0;3. relaxation
H method for transonic flows for M = 0.95 and 1.2 and a finite difference
method to solve the Euler equation for the shock layer for N, = 2,75, The
9 local Mach number contour lines in the physical domain for N = 0.95, 1.2 and
; 2.75 are shown in Fig. 10.3.
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Fig. 10.3
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11.1 Fuactionsl Fault Models from PAvsical Failuges®
"o Typical physical failures obsesved in the field were simulated at the
s cirenit 1level oa basic aMOS aad CNOS cells to study their effect at the logic
.
j-l level. Ve have fouad that many physical failures ocould not bde modeled by
existing fault models such as the stuck-at models. The results of these
;33;; dotailed studies were used to develop a multi-valued slgebra which could be
N used to predict MO8 ocircuit bdehavior under physical failures for large
modules, Usiag the rules of the algebra, a simulator has been implemented in
'3 ® This work was supported by VHSIC (U.S. Naval Blectromics System Command)
) ssder coatract ammber NO0039-80-C-0556.
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PASCAL wader VAX/UNIX; this is about two orders of magaitude faster than
eirouit simulation. These studies have also beea used to derive functiomal
level fault models for modules such as Programmable Logic Arrays and Decoders
which have some structural regularity. .

From the circuit simulation study, we have also derived approxzimate
formulas for estimatiag the chasges in the imversioa voltage and gate delay
dus to a shift imn the threshold voltage. Once the behavior of s fault-free
circuit is determined by ocircuit simmlatioa, the formulas can be used to
estimate the changes in the circuit behavior due to a threshold fault.

11.2 Test Generation for Complex Digital Svstems®

As integrated circuits increase in complexity, the problem of testisg
them is becoming more and more difficult. We have found that our approach of
desoribing physical feilures at the functional level and deriving tests at
this 1level is an excellent solution to this problem. This techaique has been
successfully applied to deriving tests for memories, programmable logic
arrays, aad regular logic structures. A new and efficient memory test
slgorithm which will detect interactions between multiple cells in a memory
has been derived; previous work had restricted the number of imteractimg
cells to two or three. We have also fonﬁd a method to design easily testable
logic structures directly from a high~level language description of the
desired function, The inherent structure is a tree vwhich provides a high-
speed realization of the function. An efficient algorithm for testing genmeral
tree structures has slso been found.

The curreat trend in designing complex systems is toward the use of
struotured techniques, and this has motivated the design of a fault simulation
technique which takes advantage of structured design in order to reduce the
complexity of simulation. A concurrent fault simmlator which hierarchically
svaluates the input design has been designed and is being coded to oevaluate
the performance.

*This work was supported by the Joint Services Electronmics Program (U.S.
Army, U.8. Navy, and U.S. Air Force) under coatract N0O0014~79-C-0424.
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11.3 Concurxeat Exzox Detestion Teshaianes®

A functional error model has been formmlated for informatiom transfer aand
storage in a microprogrammeble eeatrol uait, and coding and addressing
technigques have been developed for detestiag these errors concurrently vwith
normal operatioa. These toehaiques are also sapplicable to detecting )
addressing failures ia memory systeme. 1

We have developed as error-detestiea scheme bdased on time redundancy;
o this scheme, cslled Recomputiag with Shifted Operands (RESO), is applicadble to
o both arithmetic and .logic operatioms. It has beea exteaded to include
?!' multiply and divide arrays. This scheme has also been extended to correct all
3 functional errors is a typical asdder usiag time redundancy whea the errors are
) confined to a small area of the chip.
= A study of programmable logic arrays (PLAs) has found that physical

rt failures will result im unidirectionsl errors at the outputs. Design ]
[ procedures have beea found to design PLAs with concurreant error detection

using unidirectional error-detecting codes suckh ss Berger codes or m-out-of-n !
codes.

11.4 Desiga of Modules with Concurreat Error Detection®

We have designed a parsllel-pipelined module which performs the butterfly
operation, the coatrol, and the data storage of the Fast Fourier Traasfora. j
Eight butterflies are performed on one eight-bit slice chip. Concurreat error
detection was achieved by RESO for the ALU, parity for the memory and data
psths, and by duplicating the control. The chip has been 1laid out in aMNOS
technology. f

A residue number—encoded digital filter architecture has been designed
and is being 1laid out for nMOS fabrication. It is organized as a multiple !
stream, pipelined struocture allowing high device utilization and modularity.
The residue system allows fault toleramce and graceful degradation. 4

An architecture and an organization have been defined for a useful
multiple instruction stream shared pipeline processor implementable on a

single chip. i

|
¢ This work was supported by VHESIC (U.S. Naval Blectromics System Command)
uader contract N0O0039-80-C-0556. ;
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A cell for a systolic array processor has boen designed and is being laid
out using a CMOS process in cooperation with ESL, Inc. It incorporates a
two—stage pipeline and uses RESO and parity for concurrent error detection.
Its primary application is for Finite Impulse Response filtering. .

An address generator chip, which will rapidly generate memory addresses
for array elements in loops under control of a host processor, is being
designed and laid out using CNOS rules in ocooperation with ESL, Inc. It
sllows up to eight indices in the asrray. The appropriate stride constants are
stored in the chip prior to eatering s loop.

The design and nMOS implementation of a microprogram comtrol umit with
control capability similar to the AND 2910 microprogram sequencer have been
undertaken. The concurrent error detection techniques developed in the group
for microprogram control units are being implemented in this design.

A design in nMOS technology of a ocrossbar switch which could be
potentially used in a multistage network of the delta type has been completed.
Two types of chips, a control chip and a data chip, have been 1laid out for
this purpose. We are now working om incorporating concurrent error detectionm
in the module. '

A complex multiply—accumulate chip with concurrent error detection has
been 1laid out in nNOS techmology. This chip uses RESO for concurrent error
detection,

11.5 Faplt-Tolerant Matrix Algorithms for Processor Arrays*

Classical techniques for fault tolerance are based on replications of
modules, with the errors from a failed module being masked by the correct
outputs from the good modules. We have found very efficient techniques for
fault tolerance in matrix operations where the inheremt redundancy in the
slgorithms executing on array processors is used to detect and correct errors
from a failed processor. The techniques use the idea of checksums in s novel
fashion, and the redundancy required is only of the order of (1/n), where n is
the size of the array. The method csn be used either with mesh-connected or

systolic arrays. By tailoring the fault~tolerance technique to the algorithms

® This work was supported by VASIC (U.S. Naval Electronics Sy:to- Command)
under coantract NO0039-80-C-0556.
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used and to the structure of the sarray proeessor system, we are able 1zo
achieve error detection and eerresties st s cost far less than that of using a
general replicatioa techaigwe.

11.6 A Spazse Matrixz Processerx®

The efficiency of sparse matrix computstioas caa be dramatically improved
by .uiu matrix lpariity patteras to eliminate comditiomal branches amd array
index caloulations. We have extended this techaique for highly coacurreat
parallel }rocusor.s. Static scheduliag of sparse matrix computations at
compilation time results in lower overhead amd higher resource utilization.
Generating addresses sand other control information at the site where it is
used reduces the amount of interchip ocommunication duriag execution. A
compiler—architecture system using this aspprosch has been proposed and
evaluated for its performsnce om sp&tu LU decomposition and sparse matrix
sultiplication. [High resource wutilization (over 80%) was observed for
hardware configurations with up to 128 processors whea large matrices
(400z400, 5 elements per row) were used,

11.7 Pipelined Architectures®®

We have been able to construct mathemstical models of iastrustiom—umait
pipelines with probabilistic flow-perturbing oxcoption conditions. These
models are valid over wide ranges of system parameters. A trace—-processiag
algorithm which yields exact performance measurements of programs which are
subject to data and control-flow dependencies in pipelines has beea developed,
and an exact residual-time model has been derived for hardware depeandencies im
pipelines. These are the first known models for instruction pipelises which
can effectively evaluate performance under effects such as ocache miss,
resource conflict, error retry, branch and data dependency, aand function-
dependent segment time variatiosm,

A study of the recovery of pipelined systems from tramsient faults has

® This work was supported by the Joint Services Electronics Program (U.S.
Army, U.8. Navy, U.8. Air Force) under coatract NO0014-79-C-0424.

*¢ This work was supported dy the Joiant Services Rlectromics Program (U.S.
Army, U.S. Navy, U.8. Air Force) usder comtract NOOO14-79-C-0424 and by VSHIC
(U.8. Naval Electromics System Commsnd) uader comtract N0O0039-80-C-0S556.
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produced an approximation for the distribution of favity periods which

compares very favorably with simulation.

Ifi: 11.8 Structured Memory Access Architecture®
[N

Our Structured Memory Access (SMA) architecture represents s
breskthrough of the
wait time and by eliminating a majority of the memory referemces

significant

"von Neumann performance bottlenmeck” by reducing memory

.

required to

execute a program. This breakthrough is achieved by decoupling the address
generation process from the data computation process. _A simulation, runaning a
Gaussian elimination program, showed the performance to be a linear function

and the

-,Y
.. ' ‘

of the pipeline lengths of the Memory Access Processor, the memory,
SMA achieves

references over conventional machines runniang optimized code.

Computation Processor. The about a 50% reduction in memory

S

11.9 Multiuser Multiprocessors with Private Cache Memorjes**

o In the context of a multiuser multiprccessor system with private cache,

we have considered the write-through versus the write-back policy of main

memory update. The advantage of the write-back policy is that the bus traffic

okt
[ )

is reduced in ocompsrison to the write~through policy. It is usually assumed
global

this reason, a

that the coherence problems of write-back require hardware such as

! directories
) write-through cache is usually used which provides

to detect potential ocoherence problems. For

coherence for all

pk transactions. We bhave, however, suggested ways to avoid these coherence

problems in user code and have examined the potential savings, in terms of bus

f; traffic, by using s write-back rather tham a write—~through cache. Using a
L detailed instruction level simulation, we found that in the typical case the
_ write-back policy, occapared to write-~through, will sllow more than twice the

number of processors on the bus at a given traffic level.

. ;""
M t'l‘
[

T T
m—'. R A Y
MRTINC JVENPRE W I, T

* This work was supported by VSBIC (U.S. Naval E)..tronics System Command)

under contract N00039-80-C-0556.
#% This work was supported by the Joint Services Electronics Program (U.S.
1o Army, U.8. Navy, U.S. Air Force) under contract NO0014-79-C-0424 and by VSHIC
%;‘ (U.8. Naval Electronics System Command) under contract N0O0039-80-C-0556.

I S




Ve R UL,
et AU AR

—

[

- ‘7273

RENER
RN

T v et e 2o . o

78 11. COMPUTER SYSTEMS

11.10 Desisg Yerification Techaiques®

A top—down hierarchical design automation facility is being developed
which includes design verificatiom capability. A graphics inmput package has
been interfaced to the Livermore SCALD II package, and a mechanism for
including functional descriptions of modules has been developed for
verification., An automated reasoning program developed by Argonne Natiomal
Laboratory is being used to determine equivalence between the fumctional
description of a module ;ld the structure—driven combination of the functionmal
descriptions of its submodules.

® This work was supported by VSHIC (U.S. Naval Electronics System Command)
under contract NO0039-80-C-0556.
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12. APPLIED COMPUTATION THEORY*

o Faculty and Senjor Staff

. ‘ )
D. J. Brown M. C. Louni F. P. Preparats

‘I X. Jin D. E. Muller S. Swamy

:c’..

e Sraduate Students

b

] G. F. Bilardi T. Bolognesi M. Pracchi

a 12.1 Introduction

-

Curzent technology requires the development of efficient computatiomal
techniques and the analysis of the capabilities of various models of
computation. We are concerned with the resonrces - such as time, equipment,
- momory, interconmection — that are used or needed in the algorithmic solution
.' of given problems. This dynamic discipline, concrete computatiosal
o complexity, is important for both hardware and software applicatioams, aad it
ti also contributes to our.basie understanding of computing. It is oaly natussl

that the great technological innovations represeanted by Very-Large-Scale—-
!! Integrated (VLSI) Circuitry have had a substantial impact om this field,
opening new horizons and posing challenging problems. Much of our current
research (organized below in five subsections) has been motivated bdy this
revolution.

L.
v 12.2 Pazallel Computation iam YLSI

= Parallel computat.on provides a fundamental answer to the need to
increase computer processing power, and VLSI is the natural habitat for

parallel computation. We have pursued our imvestigations of efficient VLSI

L architectures, suitable for a variety of ©problems (broad-purpose
;E ¢ This work was supported by the Joint Services Electromics Program (U.S.

Army, U.S. Navy, U.S. Air Force) under contract N00014-79-C-0424, and by the
o s National Science Foundation under grants MCS 81-05552, ECS 81-06939, NCS 80-
i{ 08845, IST 80-12240, and IST 80-12242.
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80 12. APPLIED COMPUTATION THEORY

architectures). Ve have studied in detail an area-time optimal multiplier for
very large integers, which has a highly regular liyout in the form of a square
mesh. In addition, we have begun the exploration of a novel approach to the
sorting problem, to be implemented in a significant variant of the cube-
connected—cycles, and that offers an area—-time performance superidr to

previously known schemes.

12.3 Lavount Iheorv and Design Aids

A theory of layout of VLSI circuits is 'a current techmological need,
since most placement and routing tasks are presently carried out using
empirical techniques. We have studied the channcl routing problem in some
detail. We have detoermined an algorithm for two-layer routing which bounds
both the area and the delay; in particular, the channel width and the maximum
wire 1length are, in some sense, both optimized. We also developed a simple
yet effective technique for calculating a lower bound on the number of tracks
required to solve a given two—layer chanmel routing problem. MNoreover, we
have shown that optimal wiring (i.e., density) is always possible if just
three conducting layers are available; we are currently trying to extend this
theory to more complex and gemeral chanmel routing problems.

In addition, we have investigated design problems that profitably use the
techniques of computational geometry, in particular of the so-called "geometry
of rectin;les". In this area, we have developed a search technique for a
collection of n parallel segments (as occur in VLSI mask technology), which
runs in time O(log n) with an expected storage O(n). We have also developed a
general algorithm for the computation of a rectilinear mask expressed as an
arbitrary Boolean function of a set of rectilinear masks (papers in
preparation).

12.4 Data Stzactures

Continuing the study of dynamic embeddings between data structures, we
devised an optimal on-line simulation of a tree by a d-dimensional array ia
time O((N*®(1+1/d))/(10og N)). Vithin constant multiplicative factors, =mno
faster simulation is possible. The simulation is cast .. terms of multihead

Turing machines. An information—theoretic argument gives the worst-case lower
bound on the time required.

P
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EV We have also been continuing our investigation into efficient storage and

'ii accessing of data for information-retrieval. Ve have obtained information-

theoretic lower bounds (and shown that some of these bounds are  achievable)

L for storage of some simple dats structures and the access costs for

i corresponding operations. :

- 12.5 Foundations of Complexity Theory :
. We have been studying the properties of "context—free graphs”, graphs in ;
: which most of the important graph theoretic properties are decidable. Major

results were obtained relating such graphs to pushdown automata (papers in i

T? preparation), ?

. Also, we have been studying how alternating automata can be used with E

languages of infinite strings and trees. This subject is closely related to .
< the study of infinite games. The use of such automata yields a new and much -

simpler proof of Rabin’s theorem concerning the decidability of second-order
N theories.

12.6 Imsge Processing Algorithms and Architectures

We have studied interleaved pyramid architectures and multiprocessor

{@ pyramids for bottom—up image analysis. Current research focuses on achievable
" throughput in a hierarchical intercommection of processors that compute non- i
Fg oblivious algorithms. The running times of the algorithms are modeled -
- probabilistically. .
3
L -
I :
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Eaculty and Sepior Staff .
N. Ahuja 6. F. DeJong L. R. Maran
R. T. Chien J. Q. Fang D. L. VWaltz

T. 8. Huang
Sxaduate Students

N. Bridwell J. Gibbons A, Pajerski
D. Chen W. Ho Y. Pan
8. Cross V. Hoff J. Pollack
R. Dinitz M. Houghton J. Porter
M. Dorfman J. Jones R. Rajapopalan
D. Farwell S. Keller D. Spoor
R. Fletcher - Co Nash M. Tuceryan
¥. Frederick P. O’Rorke R. Yen

13.1 Natural Language Undesrstanding®

This project is concerned with judging the plausibility of natural
language sentence meanings, with representing meaning and context, and with
novel processing mechanisams for natural language understanding.

Progress was made on the understanding and zrepresentation of language
describing event descriptions, spatial relatioanships, time, and causality.
"Event shape diagrams,” a new representation form for dealing with sequences
and ocomcurrency of events, were introduced [13.23,13.24]). Ve are using these
and other schemas to capture and represent the iatricacies of fluid flow,
cauiality. sechanical relationships, and other properties. To accomplish
this, it is important to use hierarchically layered models, representing the
same eovent or mechanism at different levels of abstraction. In addition,

®* This work was supported in part by the Office of Naval Research under
contract NO0014~75~C-0612 and in 'part by the Air Force Office of Scieatific
Research under contract F49620-82-K-0009.

..........
CHE I Rt T T I T e e T e T e LTe T LT L T T e e e T S Tt et e .

a0 Deman

Py

[ ~U VA7 .8 5 S

- 7 A9

[V W N

[N S G



13. ADVANCED AUTOMATION ' 83

L]

R
DI

there must be separation of complex models at a givea 1level into simpler
partial models. Mechanisms for representing and reasoming about such systems

-

are being developed as an extemsion to event shape diagrams.

,..___,A
ARk |
Lt

Event shape diagrams were used to shovw some mechanisms for deriviang the
correct meanings and inferences in metaphorical sentences, such as "J'ofm ate
up the compliments,” or "John's legs ste up the space between himself and
Mary.”* [13.12] We have investigated a feature transfer model for

-
W

<, understanding metaphorical language. This model matches the two items being
’j compared in a metaphor, and transfers material from the "vehicle” of the
- motaphor to the target domain, bdased on saliency assessments of various
b features.

. We have also been working on a parallel, analog model . for knowledge
: integration and decision-making in the context of natural language processing.
- The model involves dynamically comstructing an unstable weighted network of
E possibilities, while oconcurrently sifting and stabiliziag the network such
- that the best interpretatiom is highlighted. The modsl has beem successfully
o applied to a natural language processing task [13.21].

s ,

s 13.2 Explanstory Schema Acqauisition®

The schems learning project is exploriag artificial 1iatelligeance

ﬁ techniques that will enmable a computer system to leara gemeral world kmowledge

- in the form of “schemas” through its iateractions with aa exteraal

s enviromment. A schema specifies bhow o ’ortloiln real world situatioa is

!?Z:f‘ likely to progress and why. To act iatelligently is mamy different situatioas
e s system <requires a vast number of schemas. The prodblem of "programming in”

'-; large numbers of schemas has greatly limited the iatelligent bebavior of past

Al systems.

;;_ A computer system ought to be able to automatically acquire these schemas

directly from its experiences muck as people do. The world knmowledge already

F possessed by the system is used to gemeralize iadividual experiemces iato

o schemas. Ve have devised a tazomomy of the kiads of learamiag that take place.

r‘ the conditions in which they can occur, the effects each has on the system’s !
- ‘
i ® This work was supported in part by the Nationmal Science Foundation umder

e contract NSF IST 81-20254.
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schema memory, and some of the mechanisms by which they cam occur. The kinds
of learning are: (1) schema compositiom, (2) secondary effect elevation, (3)
schema alteration, and (4) volitionalization.

A computer system to implement and test these ideas is near conp%ction
[13.12,13.17,13.18].

13.3 Cogaitive Universals*

In order to write natural language understanding programs, it is
esseatial to have good target forms for representing meaning. Ia this
project, we bhave combined the linguistics and artificial intelligence
approaches, in the hope that we can write programs that are better models for
human cognitive processing, as well as better computer programs (that is, omes
that are more easily extensible and less likely to require radical revisiom).

One part of this work has focused on roles and role relationships between
the real world elements represonted by the noun phrases of s givem seantence,
and the states or events reflected by the verb. Ve are lookiag at role-
related syntactic, semantic, and cognitive phenomena in several lamguages. A
questionnaire was prepared, and administered to speakers of Spanishk, Basque,
and Mandarin. The results of the questionnaire should allow us to assess the
variety of mechanisms and case role distinctions in a aumber of languwages., so
that we can better build proper cognitive distinctioms inm our compster
programs.

We have also been concerned with understanding the ressons why naatural
languages differ so matkedly in their eamcoding strategies for space-time
meaning. We have studied this phenomenoa in English, Jinghpaw and Burmese of
Sino-Tibetan family of languages, Blackfoot, Cree, Delaware and Ojibwa of the
Algonkian family, and Tarascan.

Finally, we are investigating the use of machine-readable dictiomaries
and thesaurus for building the lexicon for a natural language system.

¢ This work is supported by the Nationmal Sciemce Foundation under ocomtract
NSF IST 81-17238.
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13. ADVANCED AUTOMATION 85

13.4 Rieraxchical Contxol and Mopjtoring with Conceptusl Levels®

This work deals with the use of knowledge-base architecture and planning
control mechanisms to perform an intelligent monitoring task in a complex
domain. .

The domain for our expert plammer is the aircraft flight domain. The

flight domain knowledge is presently organized into four conceptual levels: .

the route level, the trajectory level, the flight-control 1level, and the
sircraft subsystem 1level. The 1levels comstitute a form/function hierarchy
vhich facilitates pkoblc-solving and monitoring. As an example of the
form/function relationship, an aircraft route is implemented by a trajectory.
which is in turn implemented by a sequemce of flight comntrol settings.

The causal framework determines the ;onccptunl levels and the plammer at
eachk 1level only has to comnsider the variables within the causal framework.
The levels architecture allows us to focus attention and also provides the
sbility to do recovery planning based on a change in the comntext at amy level.
This property is unique and desirable ia real-world problem-solving.

The work accomplished thus far consists of the design of a semantically
oriented planning architecture and an inmitial design of the int.t-lcvci
planning-control mechanism. Tkis mechanism performs meta-planning im the
levels ocontext. Problems and issues currently under imvestigation include (1)
focus of attontionz (2) vertical problem decomposition, (3) plamning contreol,
(4) inter-level teleological consistency, (5) domain knowledge represemtationm,
and (6) partial plamning. '

13.5 Mechanism Modelins and Antomatic Diagmosiz®*

Present day diagnosis systems use either table-look-up procedures or
production rules for storing the information needed. Neither approach deals
with the fact that for a diagnosis system to perform intelligeatly, it needs
to understand the basic principles which are embodied in the desigam and
stzucture of the mechanism. Because of this weakness neither approach can

* This work is supported by the National Aeronautics and Space Admimistra-
tion sader comtract NASA NCLI-S52.

# This work is supported in part by the Natiomal Aeromsutic and Space Ad-
ministration wunder <ocomtract NASA NCCI-52, bbby the Department of
Traansportation/Federal Aviatios Admiaistration uader contract FATIWA-4360, and
in part by the Uaited States Air Force mader contract F49620-82-K-0009.
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86 13. ADVANCED AUTOMATION

handle multiple faults effectively.
The purpose of this work is two-fold. First, we will develop models of i
understanding of mechanisms, about their operating principles, structure-
function relationship and hierarchical interaction. Secondly, we shall
oxpl.bit these mechanism models for intelligently diagnosing multiple faults.
As a typical case study we have developed some initial understanding
models for & nntie'ronigontin system in terms of such concepts as heat- L
transfer and circulation. VWith the help of these oconcepts models we can
analyze any schematic of a refrigerator and identify the relevant componmeats

-

which are pertiment to am operation, such as circulation. Ve can them easily
coastruct the circulation sudbsystem as an abstractioa.

As amother typical case study we have established a systematic process
for compreheadiag the working of an amplifier. The esseatial steps are (1)
physical imstantiation, (2) semantic template verificatiom, and (3) comstraiat
propagation. Vith these steps ome oon;d asalyze movel new structures that

'
st S5,

fall ia the same genmeral ocsategory and achieve am understanding of the
function/structure relationship at all levels, imcluding the compoment level,
the swb-structure level and the mechanisa level.

Finally, in the direction of diagnosis some additional modeling 1is
needed. Ve develdped flow-concept models for initiatioa isolation, fumotiomal
models for detailed analysis aad comstraiat models for verification. These
models seem to be necessary for a theory of diagnosis dbased on mechanism J
models.

13.6 Aix Izaffiec Control. Problem-Solvins. aad Leaznins® )

The purpose of air traffic control is two—fold. First, we must cresolve !
all potential traffic oconfliots. Secomdly, we must deliver all aircraft ‘:J
safely to their destinations, in a fuel-efficient manmer, with as little delay *
as possidle. %

In the jazgon of Al we are trying to do problem—solviag with conflicting ?
goals. Since there is 20 existing theory of AIC we have the problem of !

generating the theory as well as carrying out its computerization. Ve have
decided it would be a good idea to include some learning capabilities ia the

amcT amn .

® This work is supported by the Department of Transportation/Federal Avia-
tioa Administration uader coatract FA79WA-~4360.
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13. ADVANCED AUTOMATION 87

expert system we are duildiag. The 1lesraing we are attempting is ocalled
"advice~initiated learnming.” Using this type of learniag, the system first
attempts a solution. The solution is reviewed by an adviser who presumably is
an expert in ATC. The adviser either approves the solutiom or gives advice in
the form of a new strategy. The computer then has the task of ligostini the
advice; in particular, it must figure ont why the suggestion is indeed better
than its own solutiosa. '

13.7 Computex Vision®

Hierarchical organizations of small, general purposs processing elements
to perform fast bottom—up image analysis were proposed. Three different
architectures were givon: Pyramids, interleaved pyramids and pyramid trees.
Different architectures exhibit different performances with respect to
hardware requirements and operating speed [13.16].

Approaches to dot pattern processing using Voronmoi neighborhoods were
proposed [13.10]. Segmentations of dot patterans contaiming homogeneously
dense segments were obtained. Experiments on matching dot patterns in the
presence of noise were performed.

The problem of generating the three-dimensional cccupancy map of a scene
from stereo i-a;o-paiis was invosti;stod. A three step procedure comsisting
of obtaining depth map, surface map and a volumetric representation was given
(13.15]. Algorithms were developed to update the octree representation of a
three-dimensional object as the object undergoes translation and rotation
[13.27].

13.8 Image Sequence Processing and Dyvnamic Scene Analvsis*®

The processing of images involving motion has become increasingly
important. Applications include target tracking, dynamic robot vision, image
bandwidth compressioa, asnd medical imaging. Imsge sequence processing
involves a 1large amouat of data. However, because of the rapid progress in

® This work is supported by the National Science Foundation under grant NSF
ECS~-81-06008, .

¢ This work is sspported in part by the Natiomal Science Foundation under
gzant NSF ECS 81-12082, and ia part by the Joiat Services Electromics Prograa
(U.8. Army, U.S. Navy, aad U.S. Air Force) under Contract NOOO14-79-C-0424.
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88 13. ADVANCED AUTOMATION

computer, LSI, and VLSI technologies, many useful processing tasks for image

u sequences can now be performed in a reasomable amount of time. A central
issue in dynamic scene analysis is the determinmation of three—dimensional
[‘;2;3 motion and structure from image sequences.

= -

Uniqueness conditions for estimating 3-D motion parameters from two
E frames were obtained [13.22]. Progress was made in determining models for 3-D
' motion estimation problems [13.25]. Ve also developed efficient algorithms
for finding cormers im 2-D pictures [13.20]. Applications to stereo pair
matching and motion estimation were presented [13.19]. Some techmiques for
'! image recognition by matching relatiomal structures were developed im [13.20].
A simple procedure was developed [13.11] to generate the minimum depth surface
description of a three-dimensionsl scene that is consistent with a series of

- images from a laterally tramslating camera.
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s Baculty and Senior Staff

!' L. V. Lannom C. G. Robins . L. C. Saith

s 8. E. Presce ' M. B. Villiams
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s J. Mendozsa C. Tenopir S$.-C. Vang

v 14.1 Iatroduction

- During the 1981-1982 time period, we conducted in information retrieval a

E{ nunber of research and development projects and participated in the University
.. of Illinois’ online search service. Major activities included analysis of
ii datsbase data; a test of the feasibility of sutomatically determining the

overlap between bibliographic databases; development of a computer-readable
dstabases directory; and participation in the University of Illinmois’ omline

AN ;.{
&L

search service.

3.

14.2 Apslysis of Database Data®

Our staff maintains s body of information about commercially available

Y
nel 0
LN

databases called the Database of Databases. Ve have continued to study

P -

various statistical characteristics of this population bdased on the material

ia our dstabase. Such statistics and analyses are useful both to researchers
ia the ares sad to the users and producers of datadbases.

PP

ryryen
Ll

The particular informstion developed in the studies performed in the last
yosr coasidered the age, size, type (scieatific, medical, etc.), and source 1

- |D“-
!-’,v '

(goverament, private, etc.) of the databases covered. At present, 773
dltlbcsio sre eovered by our Database of Databases, but any given study might
include only a specified sybsot of those depeading on the needs of the study. !
The most recent snalyses are for the years 1980 and 1981. j

=)
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® This work was supported by the University of Illinois
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90 14. INFORMATION RETRIEVAL

The softwsre used in this research ocomsisted of a program framework
containing slots into which logic could be inserted to perform specific data
selection, clesnup, and analysis. The data was first extracted from the
database by our data access program, USER, and written into a file of (tag,
value) pairs. The analysis programs read that file and selected the ta;s of
interest. An effort was made to overlap multiple analyses by re-using data
selected and cleaned for prior use.

Cross tabulations were made based on defined groupings or actual values,
depending on the data involved. Thus, cross tabulations were done iavolving
both raw year of origin versus grouped size and grouped year of origia versus
grouped size. Statistical summaries included means, ranges, and standard
deviations of raw data and correlation coefficients between raw data and
grouped data. Detection of bad data included identification of records
containing illegal or missing values.

The work involved in this project also developed s framework for further
studies of the databases available to researchers today. We are currently
updating the database and improving the coverage and consistency of dats
fields that are likely to be important in future studies.

14-3mmwmmww
and Resource Directory Nodel®*

We identified and anslyzed word-oriented (bibliographic, textual,
directory, etc.) databases relevant to various units within the Federal
Emergency Management Agency (FEMA).

The use of computer databases instead of‘-anual searching saves time, an
important factor in emergency situations. Computer databases usually provide
more timely information and allow one-step searching of complex topics
tailored to meet individual needs. A directory indicating which databases
contain information of interest to FEMA would be s valuable resource for all
FEMA units. This projeoct developed a methodology for compiling such a
dlroctory and aiso provided a model as a sample directory.

Databases of potential relevance to FEMA were identified and, after

¢ This work was supported by the Federal Emergency Management Agency under
grant ENV-1-40358.
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discussion with FEMA personnel, the fifteen judged to be most relevant to the
most FEMA areas of interest were selected. Subject profiles that reflect the
interests of all individual FEMA units were developed in oconjunction with
appropriate FEMA personnel. Profiles were used to test the fifteen databases

]!,ﬁ

LN

oL S |

p

online. The databases were ranked by subject coverage, amount of information,

and type of information based on the online search results. We created a

sample FEMA Database Directory based on the analysis of the fifteen databases

and including samples of citations from each database.

Dixectory of Computer-Resdable Bibliographic Databases®

-

= The Computer-Resdsble Bibliograohic Datsbases - A Dizsctory snd Data
ol Sonzrcebook, compiled and edited by Professor Martha E. Williams and Sandra
N Rouse, was published in 1976 by Knowledge Industry Publications, Inc. Updates
. to the Directory were issued in April, 1977 and April, 1978, A second
E; edition, including data that was relevant ss of December, 1978, was published

in Autumn, 1979. A new edition appeared early in 1982, based on the most
recent updating of the underlying database. The curreat edition covers 773

0y
i

databases.

-t
LN

Data Collection

5

Database processors in Europe and North Americs were contacted by mail

for information on the databases they provided access to.

»Ye Y

AR
-

[ 3

.

The questionnaire designed for the last directory was revised to achieve

a8 more consistent format. A turnaround questionnaire was computer-

o

generated, containing the information in our files for the databases

r
<.

covered by the last directory. Existing data enmtries needed only to be

-y
LT

verified or changed and missing information supplied by the databese

»
fla

producer.

T
w

The questionnaires were masiled to the database producers and U. S. and
Canadian producers were subsequently contacted by telephone for
verification of the data and assistance with questions they might have.

s B

P * This work was partially supported by Knowledge Industry Publications,
o Inc
o *
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4. Iafermation os the availability of sewv datsbases was obtained from the
published 1literature aad coatacts with database processors/producers.
The producers of sev databases were interviewed first by phone. The
completed gquestionnsire was thes mailed to them for verification and, if
necessary, followed up by telephoss. T

S. Returned questionnsires were checked and data entries standardized.

Data Eatxy

1. Data was eatered oalime ianto the Database of Databases file using a
preformatting program on an Alpha Microsystems microcomputer. Entries
were then printed out, verified, snd corrected and edited online as
necessary using the DBEDIT program.

Oczanization

The Directory is organized alphabetically by database name and includes
an introduction and four indezes: Subject Index, Database Name/Acronym/-
Synonym Index, Producer Index and Processor Index.

Information on each database follows the general format:

1. Basic Information

2. Producer/Distributor/Generator Information
3. Availability and Charges for Database Tapes
4. Subject Matter and Scope of Data on Tape

5. Subject Analysis/Indexing Data

6. Data Elements Present on Tape

7. Database Services Offered

8. User Alds Available
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Eroduction

The Directory was formatted for printing using our software and printing

masters produced on a Xerox 9709 printer. All indexes were then generated

sutomatically from the database and typeset similarly. -

14.4 University of Illinois Online Search Service

The Online Search Service is a service provided for students, faculty,
snd staff of the University by the Library and our group. Informacion
retrieval services are provided by accessing computer—-readable databases from
the following search systems: Bibliographic Retrieval Services, DIALOG
Information Systems, New York Times Information Baik. System Development
Corporstion, and the National Library of Medicinme.

In addition to serving as one of the locations where searches are
conducted, we contribute to the Service by providing monthly financial and
usage reports to the Library administration and by providing expert advice in
the use of _information retrieval services. The financial and usage reports
are generated by internally produced software on an Alpha Microsystems
microcomputer and sre based on accounting datas provided by the online vendors

and the Library.

14.5 Databsse Analvses®

We are conducting ongoing analyses of the MARC dstabase. This work
involves processing the annual files distributed by the Library of Congress
and generating a detailed statistical analysis of the rate of occurremce and
size distribution of each field of the records. The resulting tables, which
bave sppeared in the Journal of Library Automation, show for each field (1)
the percentage of records inm which it appears, (2) the rate of occurrence
within records where it appears, and (3) the length of the field in
characters. For (2) and (3) we report average, minimum and maximum values and
standard deviations.

The distribution of records in Dewey and Library of Congress classes is
also reporte.. along with average record lengths for each class. Summary

® This work is supported by the Council om Library Resources.
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5f§ statistics are also listed separately. Finally, we report the changes between
E : reporting periods (showing, for instance, which fields are used more now thaa
v at the last report).

We have also begun a second project using the same computer programs to
RN analyze the CONSER database for the Council on Library Resources.
p This data allows usérs of the databases to optimize their applications
N for the actnui characteristics of the databases.

14.6 Automatic Detection of Databsse Overlsp®

p!! This research program addresses the problem of overlap coverage of
f journal articles among multiple databases. Overlap leads to duplicative
' processing of material by dstabase producers; duplicative processing and

retrieval of duplicative material by users of databases. The mnet result is
rofloctod in costs associated with the databases and an unnecessary

expenditure of time on the part of users.

ﬁ;; storage of material by onmline and batch vendors of database services; and
-

Tlé true extemt of the problem is unknown. Several studies ‘have
o addressed the question of journal coverage overlaps, some have addressed the
g question of article overlaps in narrow subject areas, and one has attacked the
) problem of identifying maximum possible overlaps ilong specific databases.
None has studied the problem of determining the actual overlaps among database
services.

We are developing a methodology for automatically determining overlasp
among databases and testing and implementing this methodology on nine
databases: AGRICOLA, BIOSIS Previews, CACon, Commonwealth Agricultural Bureaux
o (CAB), Engineering Index, Excerpta Medica, Inspec, MNedline, and Scienmce
% Citation Index (SCI). The methodology imvolves analysis of the databases to
~; determine the data elements present in and common to multiple databases to
determine offective keys for matching records ia multiple files. The matching
process will be done in at least two passes. The first pass, or broad screeam,

j, will use a match key with high disctilination power to identify candidate
o
P! duplicate records. A set of finer screens will be used for verifying pairs of
b7

® This work is supported by the National Science Foundation under gramt NSF

W IST 79-21018.
o
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records as duplicates. The second pass may employ Harrison keys (which are
bit string representations of titles) and Hamming distance techniques (for
overcoming slight variations in representation of titles) together with
matches on other elements as needed.

Results will be tested: (1) by using manual verification of a
statistically representative sample in order to determine mismstches, and (2)
by using a known set of duplicate records to see if they are identified by the
screens. The evaluation in terms of mismatches (wrong matches) and missed
matches will provide a measure of the effectiveness of the techniques.
Further evaluation in terms of gross costs will be carried out in order to

determine the efficiency of the techmiques.

The study will produce overlap statistics among nine databases, data
;: element frequency statistics, and a methodology for duplicate detection that
might be used by database producers or database vendors. The resultant
methodology could be used as a preprocessing step to reduce storage and
k- processing costs or as 8 post-retrieval step to eliminate the duplicative

output delivered to users.

During the second year of the project, tapes have continued to arrive
- from the database producers, covering the 1978-1979 period. Sample subsets
i‘. have been read and preliminary planning for the file structures and processing
flow has been done. Tic contents of the samples have been studied
statistically to identify data elements useful in the matching process and to
sllow estimation of storage requirements. The software has been ported from
- the DEC System/10 to the DEC VAX 11/780 and further sa-plés have been read and

evalusted preparatory to performing large-scale conversions.
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Faculty and Seamioxr Staff
T. Basar R. J. McEliece D. V. Sarwate
T. U. Basar H. V. Poor B. Szilléry
B. Hajek M. B. Pursley 8. Tantaratana
Szaduate Students

B. Aazhang , J. S. Lehnert . M. 8. Schmidt
A, C. Blumer J. Martersteck C. M. Stadler
C.-I Chang M. Nayeri ¥. E. Stark
P. Enge R. G. Ogier K. S. Vastols
F. D. Garber T. J. Pavlik _ 8. Verdd

E. A, Geraniotis G. Sasaki M. S. Vallsce
S. M, Krone . R. Volf

15.1 Multiple-Tezminal Digital Communjcations®

This is s major research area whicﬁ includes various problems in spread-
spectrum communications and random—access communications networks. The topiocs
that were investigated during the past year include the performance of
spread-spectrum multiple—access communications systems, the effects of fading
on spread-spectrum communications, communications in the presenmce of jamming,
error—control codiasg for multiple—access systems, conflict resolution ia
random—access communications systems, packet radio communications systems, amd
routing algorithms for communications networks. Progress iam this research is
described in the subsections that follow.

® This research was supported by the Army Research Office under coamtract

‘DAAG29~81-K-0064, by the Joint Services Electromics Program (U.S. Army, U.S.

Navy, and U.8. Air Force) under comtract NO0014-79-C-0424, by the Naval
Research Laboratory under contrasct N00014-80-C-0802, and by the Defense Ad-
vanced Research Projects Agency mader contract MDA 903-82-C-0026.
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15.1.1 Soresd-Spectrum Multinle-Access Communications Svsteams

We have completed the development of bounds and approximations for the
average probability of error in direct-sequence (DS) spread-spectrum
multiple—access (SSMA) communications systems, sad the results have been
published in the IEEE Transactions on Communications special issue on spread-
spectrum co-nnications; The bounds, which are presented ia [15.30] are bDest
suited for SSMA systems with few simultaseously-active tramsaitters. Siace
both upper and lower bounds are derived, approximstions cam also be obhtained
from these results. For SSMA systems with s large awmber of simultaneous
transmissions, the bounds are difficult to evaluate, but the approximation
developed in [15.9] csn be applied. This approximation is based on the
integration of the ocharacteristic fumction of the multiple—access
interference, and its computational requirements increase only limearly in K,
the number of simultaneous transmissions. The methods developed in these two
paspers have proved to be extremely useful in the study of DS/SSMA and hybrid
SSMA systems.

An investigation of the effects of partial correlation on the performance
of DS/SSMA systems was slso completed during the reporting period. Some of
the results of this study are presented in [15.58]. Our investigation has
primarily focused on systems for which the number of chips per bit, N, and the
period of the signature sequences, p, are relatively prime numbers (this is
usually the case in practical systems if p > N). In this case we find that
the resulting loss of control of the sequence phases leads to an imcrease in
the multiple—sccess interference over that present in a DS/SSMA system which
has one data bit per period (i.e., p = N) and employs the signature sequences
in their optimal phases.

We have considered the design of quadriphase sequences with good
correlation properties. We are sble to construct a set of N + 1 sequences of
period N (where N is s multiple of 4 and N + 1 is a prime power), for which
the correlation parameter G;‘x is upper bounded by 3(N+1)'1/2. We can also
z ©of
3(N+1)'1/2 + 5. Experimental results show that the bound is actually quite
weak.

enlarge this set to have 2(N+1l) sequences with an nupper bound on 0..

An investigation of the performance improvements achievable by use of
error—oontrol ocoding has also been initiated, and preliminary results are

Lt Tt Ta e R L
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presented ia several receat papers (e.g., [15.56,15.59,15.61]). The gemeral
conclusions are that error—-comtrol coding is extremely beneficial in nearly
all commuaication enviromments, and it is absolutely - necessary for acceptable
bit error rates in (frequency-hopped spread-spectrum commuwaicatioas ia the
presence of jamming, fading, or multiple—access interference. Coding gaias of
20 to 30 dB are common in such systeams.

15.1.2 Soresd-Spectrum Commupications for Packet Radic Networks

Because of the severe ipoculct-lnltipath fading that arises in wurban
areas, we have investigated the effects of such fading on the performance of
direct-sequence spread-spectrum communications. Results for both oohereat

'[15,46] and noncoherent [15.47] receivers have been published. Although these

results are for receivers which utilize standard matched filters, work is slso
in progress to evaluate the performance of direct-sequence spread—spectrum
communications via specular multipath chanmels when post—detection iantegratiom

or RAKE-type filters are employed in the receiver. Of particular iaterest is

the performance of receivers with post—detection filtering when employed on
channels with jamming and multiple—access interferemce.

In addition to the research on direct—sequence spread spectrum, we are
also pursuing s parallel 1nvootig;tion of frequency—hopped spread spectrum for
packet radio networks. It appears that for channels with partial-band jamming
or multiple-access interference, frequency-hopped modulation ia conjunction
with error—control coding provides a very robust system. It seems at this
point that the tradeoff is between the anti-multipath capability of direct-
sequence spread spectrum and the anti-jam and multiple—access capabilities of
coded, frequency-hopped spread spectrum. Of course, error-control coding is
also useful in a direct-sequence system, but for many types of interference
(e.g., multiple—access interference) the amouat of interleaving required ia
direct—-sequence systems may be prohibitive. Furthermore, coding ocannot take
care of the problem of unequal powsr levels (i.e., the so~called "near—far
problem”) in s packet radio network.

15.1.3 Coding, Modulation, and Routing for Commupicstion Networks

This <research area includes several related topics that arise in

dolidnies.. TR S i it A,
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communication networks whick mest operate ia the presemce of jamming, fading,
and multiple—access interferemce. The topics include frequemcy-hopped
spread—spectrua oo.imnication via fadiag chaamels, commusication ia s hostile
jailin; enviromment, and rostiag ia commmaicetions mnetworks. !ro.rogs ia
research on these topics is summarized ia the three paragraphs that follow.
Our work on slow—-frequescy-hopped spread-spectrum commuaications systems
is concerned with the probadbility of error for such systems whem operating im
the presence of fading, multiple-access iaterference, jamming, and other
radio-frequency interferenmce (RFI). Various types of fading have been
considered including selective and nomselective Rayleigh and Rician fading.
Ve have asalso investigated the porfpt-.nco of error-comtrol coding
(particularly burst—error-correcting coding) for frequency-hopping spread-
spectzrum systems. One of the most promising coding schemes that we have
investigatsd utilizes Reed—-Solomon codes with partial interleaving for slow-
frequency—-hopping (more tham one ccde symbcl per hop) or Reed—-Solomon codes

snd diversity for fast-frequency-hopping (one code symbol per hop). Results
are published in several recen' papers including [15.9,15.41,15.44,

15.59,15.60].

In related iork. we have derived the optimum receiver for a fast-
frequency-hopping scheme proposed for mobile radio applications, and obtaimed
bounds on the error prodbadility for a subopti-n- receiver which is easier to
implement than the optimum receiver. These bounds have been compared with
simulation results on error probability for the originally-proposed suboptimum
receiver, It is found that the nev receiver structure is superior to the
original one.

In the ares of communication in the presence of jamming, our research has
focused on information-theoretic fundamentals. We formulated a two-person,
zero sum game with mutual informatioa ss the payoff function. The players ia
this game are the jammer snd the coder. By solving the game, one first finds
saddlepoint strategies which indicate the general kind of jamming/anti-jamming
strategies the resl players ought to use in practice. The work has coatiaued
and several saddlepoints have been cslcoulated. Also, the performance of
several explicit coding schemes have been evaluated in the presence of optimal
jeamers, In a related ares we undertook & serious study of the relative
merits of interleaved vs. un-interleaved coding schemes in the presence of
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gonoral interfereace phenomens, iasludiag jemmisg, fading and other RFI.

A mais result of our resesrch iz cemmmnication nmetwork analysis duriag
this period has been to obtaia bewnds oa the delay incurred in a buffered
station with an arbitrary packet aerrival proeess. This bound applies to
stations withia a network uader dyasmie, son-feedback routing 3trato;i;s. A
zather sharp bound was slso obtaised for the delay imcurred in a station vwhen
the traffic is obtained from s gessralized romad robin fanout of a Poissoz
traffic stream,

Recently we have also obtasimed s sev characterization of optimal dynamic
routing strategies for ianteracting queses with state feedback informatioa., In
the coming year we expect to oomplete & wuanified performance analysis of
optimal and efficient suboptimal dymamic routing strategies for packet
communication networks both with and without state feedback informatioa,

15.1.4 Random Access Techaiaues for Communication Networks
xith Frequency Hoopins

This research is primarily concerned with basic random access techaiques
which are appropriate for mobile packet radio networks with frequenmcy hopping.
Two key features of such metworks which impact random access protocols are
first that channel feedback is severely limited and second that frequency
modulation ia itself yields s multiple access ecapability which shomld be
ezploited. Ve have introduced new dynamic retransmissioa control schemes and
have shown their suitability in s frequency hopping emvirommeat. This work
included identifying possidble feedback information and determimiag how it
could be used to achieve stable throughput in spite of a fluctuating demand.
Other suitable random access strategies which require oaly ackmowledgement
feedback have also been studied.

Nore realistic models of stations which include time-varying packet
generation <cates have been comsidered inm conjunction with random access
schemes. 80 far exact saalysis of TDMA and perfect scheduliag protocols have
beea schieved using matrixz iteration methods.

Coertain aspects of mobile network organization have also been considered.
We have discovered how differential transmission radii in different frequency
bands can be exploited to increase metwork throughput and decrease multiaccess
iatesrference. We have proposed and analyzed methods whereby traffic can be




oy et
m R . !
o, e

F—
Eher i)
Canses

15. COMMUNICATIONS 101

efficiently distriduted among available time or frequency slots in s
decentralized way to achieve balanced loads with reduced traffic variance.
Finally, centralized and deceantralized algorithms have been obtained for
open—loop optimal dynamic routing in communication networks modeled by pure
flov equations. The aslgorithms appear to be feasible to implement in. much
larger metworks thaa previously known optimal dynamic routing slgorithms.

15.2 Sisaal Detection., Estimstion, snd Filtering*

The oversll purpose of this research eoffort is to develop effective
statistical sigmal processing procedures for applications in communications
and eontrel. Specific areas curreatly under investigation include the
development of robust detection, estimation and (filtering procedures for
operation ia wacertain statistical enviromments, the study of techaniques for
effieient digitization of signal detection systems, and the analysis of
multistage decision processes. Progress in these areas is described briefly
ia the followiag subsections.

15.2.1 Rebuat Sizasl Processing in Uncertain Statistical Eavirzonmeats

Ia general, the area of robustness deals with the design of systems and
prosedures which are relatively insensitive (in terms of pcrfo}-anco) to small
deviatieas from as assumed nodol.' Robust techniques are of interest in a wide
variety of aspplications including radar, somar, and seismology, inasmuch as
isscenrate models are the norm for such situations; and robustness has been
studied vidoly ia the contexts of communications, conmtrol, and inferential
statistics., The basic assumption for the analytical study of robustness in
detection and filtering is that the statistics of signals and/or noise are mot
known exactly, but rather are known to be within some (usunally nomparametric)
classes representing uncertainty in the uanderlying model. The primary
techanique for designing a robust system is to seek a system achieving the best
worst-case performance over the relevant uncertsianty classes; i.e., the
primary design philosophy is minimax. Within this context several detection,

® This research was supported by the Army Research Office under contract
DAAG29-81-K-0062, the Joint Services Eleotronics Program (U.S. Army, U.S.
Navy, aand U.8. Air Force) under contract N0O0014-79-C-0424, the Office of Naval

Research under contrsct N00014-81-K-0014, sand the Natiomal Science Foundation
under grant ECS-79-16453.
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estimation and filtering problems have been considered uader this project, and
these are described in the following paragraphs.

One area ia which several minimax and robustness results have been
obtained is that of state estimation and control for linear dynamical systems
with uncertain statistical behavior. In particular, minimax results have been
developed for steady-state linear estimatioa [15.29] and coatrol [15.20,15.53,
15.54) of time—invariant systems and for fimite—interval estimation and
regulations [15.63,15.67] of time—-varying systems. Also, an algorithm for the
state estimation of such systems with random jump iaputs bhas been developed
and is described in [15.4]. Along these same lines the problem of robust
filtering and smoothing of statiomary processes with nuncertain spectra has
also bdeen considered. Specific results include a charscterization of minimax
smoothers for homogeneous random fields with spectral measures known oanly to
1ie in general uncertainty classes gener: :d by Choquet capacities [15.24], an
analysis of the effects on performance of spectral uncertainty om stationary
linesr filtering [15.34], and a study of wminimax filtering for observed
Poisson processes with uncertain rate ocharacteristics [15.44,15.45]. Two
related studies include a characterizatioa of the MSE rate—distortion function
for information sources with umcertain spectra lying in cspacity classes [P10]
snd the development »of jam/antijam strategies for data transmission through
the Gaussian test channel with an intelligeat jammer [15.5,15.371.

Aaother aspect of robustness in which several results have beem obtained
receatly is that of tobult‘oignul detection. 8pecific results in this ares
include the development of robust detectors for the (nomlimear) detection of
sigaals ia additive dependent noise with uncertain first-order distribution
[(15.28], s study of the discrimimation of point processes with uncertain rate
functions [15.45], the design of matched filters for digital transmission
through uncertain ohaamels [15.36,15.65,15.67]), and the ocharacterization of
robustness in the quadratic receiver design problem [15.64,15.67]. Also,
[15.19] considers a design techaique knowa as the segment method as an
slteraative to linilis for designing binary decision systems within
uacertaiaty.

In addition to the above specific results, s genersl study of the
characterizstion of solutions to minimaz robust design problems is reported in
[15.64,15.67]1. The techniques developed here allow the usification aand
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% - goneralization of many previously studied robustness analyses as well the

iIB extension to new design problems. Also during this reporting period several
survey papers on robustness topics have been prepared [15.18,15.51,15.57].

E? The topics of these surveys include robust signal processing for co-nnaifation

b systems [15.18], robust filtering [15.51), and the use of distance measures in

. robust detection and discrimination [15.57].

t,

o 15.2.2 Digjital and Multistage Signal Detection Svstems

- In addition to the robustness work surveyed in the above subsection,

F? several other aspects of the design and analysis of signal detection systems

\. have been considered recently. Progress in this area is described briefly in

N the following paragraphs.

EJ One area in which recent progress has been made is that of designing

e efficient systems for dcfocting signals in dependent non—Gaussian noise

L backgrounds. For example, optimum detection of signals in weakly dependent

- noise is considered in [15.27]. It is shown here that, for a moving-average

i‘ dependence model, efficient detection canm be achieved by reshaping the
independent-noise optimum detection mnonlinearity with an additive linear

%; correction term. An investigation of several ocommonly used mnoise models

indicates that the resulting performsnce improvement is most significant for
g! impulsive types of noise. In [15.17] similar modified structures. are
considered for detecting signals in ¢-—mixing noise. It is demonstrated that

‘. the ¢-mixing model with only the mixing coefficients given is mot sufficieatly

Qi descriptive of dependence structure to admit s design which is uaiformly

C better than the independent—noise design. (This is in comtrast to the moving-

o average model of [15.27).) However, optimum memoryless designs for ¢ -mixzing

and other dependence models can be derived using gemeral results of [15.25]

{f provided thst the second-order distributions of the noise~process are kmown.
The optimum system in this case is the solution to a Fredholm operator ]

{3 equation of the second kind and, as such, can be characterized in terms of the
- Barrett-Lampard expansion of the noise process. ﬁ
i A second area of recent interest is that of analyzing the efficiencies of j
- multistage detection procedures. Two basic types of procedures have been :

studied in this context. In [15.66], s useful class of multistage binary
hypothesis tests is proposed and anslyzed. These tests operate by testing an

—
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‘ initial sample and then taking additional samples if the (first sample
!ﬂ indicates rejection of a particular one of the hypotheses. It is seen that
é?; significant efficiency can be gained (over fixed-sample-size procedures) by

doing this if ome of the hypotheses is rare (as in the case, for example, in

search radar). A noaparametric version of this procedure is discussed in !
[15.33]. In [15.32), the (Pitman) efficiencies of truncated Wald sequential
tests are analyzed. These tests, slthough known for some time, have mot been
anslyzed previously in this manner. This anslysis clearly indicates the
favorability of truncation in such situations, particularly when very small
error probabilities are desired.

Finally, some related work includes a numerical study of the convergence
behavior of the relative efficiencies of some commonly used detection systems
[15.23], and a correct derivation of the output signal-to-moise ratio for
quadratic receivers and fading ochannels ([15.35] which previously had been
incorrectly derived in the literatures.
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{ Faculty sad Senior Staff
! E. I. El-Masry Y. Li W. Mayeda
I. N. Hajj M. R. Lightner T. N. Trick
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. W-K. Chia C. N. Lam J. Stothoff
L
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tﬁ P. Embree C-P. Yuan
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B 16.1 Hierarchical Desisza Aids for VLSI Circuits*

This work covers two related topics in the area of design verification
for VLSI o¢ircuits. One topic is conmcerned with logic expression extractionm

F”‘L', «_":3 .

from the circuit lliout or the interconnection description, and the other
topic is concerned with the development of fast and relatively accurate
= methods for timing simulation.

In the design verification process of VLSI circuits it is often

Eﬁ desirable, or even necessary, to obtain symbolic Boolean expressions at
. specified nodes in the system from the eoxtracted circuit description. The
ES extracted logic description ocam then be compared with the original logic
specifications to verify the design. This verification, in fact, should be
gi ocarried out before any circuit or timing simulation is performed. Extracted
logic expressions casm also be used to desoribe parts of the system for mixed-
fﬁ mode simulation [R1] or could be evaluated using ternary algebra for switch-
S level [R2] or multiple—~delay simulation [R3]. .
e In our resesrch work, sa approach for genmerating logic expressions at
&
oo This work was supported by the Joint Services Electromics Program (U.S.
&? Army, U.8. Navy, U.8. Air Force) under Contract NOO014-79-C-0424.
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106 16. ANALOG AND DIGITAL CIRCUITS

specified nodes in MOS circuits has been developed. The approach is based on
partitioning the circuit into “ome-way” subcircuits and then using path
finding algorithms to gemerate logic expressions at the subcircuit level.
Composite expressions are then generated by interconmeoting the subcircuits.
The approach has been successfully implemented in a computer program which can

genorate logic expressions of extracted or specified circuit descriptions. In

addition, the program is capable of performing switch-level simunlation for
given input logic sequence specifications.
‘ In the area of timing simulation a noew approach has been developed. The
g approach is based on a moditied Gauss—-Seidel-Newton method for solving the
20 partitioned circuit equations. When feedback paths exist im the circuit, a
- predictor formula is used to estimate the state of the "yet umsolved”
subcircuits. It has been found that the new approach gives more accurate
results than existing Gauss-Seidel methods, such as the one used in NOTIS-C
. [R4], without requiring much additional computation. The approach has been
implemented and tested in a computer program for simulating MOS circuits. The
:f_ program also includes procedures for analysis sequemncing, feedback detectionm,
ﬁ! and an input/output subcircuit scheduler which schedules only those
r subcircuits that affect the output directly or indirectly.

In order to further improve the speed of timing simulation, a new
- approach to multiple-delay logic simulation is under imvestigatioa. Circuit
E simulation is used to determine the propagation delay as a fuamction of the
rise and fall times of the input signal and the loading oa the circuit for a
given technology. This information is stored im a table. Scslisg techmiques

can be used to compensate for ditferemt sized tramsistors. Simulation results

T
8, L e T
Lttty

- from combinatorial circuits indicate a close match bLetweem the signal
- waveforms obtained from circuit simulation with the program SPICE and those
: obtained from a three level multiple-delay logic simulator which wuses the

L; above table look-up and scaling techmiques [16.26].

o 16.2 Switched-Capacitor Filters - Structures and Statistical Desigzn®
}3 Research on switched-capacitor (SC) filter design techniques has resulted

e

l’,'::'.

?{ *This work was supported by the National Science Foundation under Granmt ENG

. 78-11758.
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in new SC structures which can be implemented basically in two different ways,
either by using SC first-order building blocks or SC biquads. These
structures are the state-space (SS) [R5-R9,16.21,16.27], the nﬁltiple-input
follow-the-leader feedback (MIFLF) [R10,R11], and the inverse follow-the~
leader feedback (IFLF) [16.10,16.11]. Theory and procedures for the oétinnn
implementation of these types of SC filters have been developed.

The sensitivity of the transfer function of the IFLF circuit with respect
to the capacitance ratios is surprisingly low as compared to other low-
sensitivity SC structures, such as the bilinear 1ladder [R11,R12], As
compared to the MIFLF, the IFLF has lower passive-sensitivity amd higher
active-sensitivity. The MIFLF active-sensitivity is also lower than that of
the bilinear ladder [R12].

In the area of statistical circuit analysis and design, several variance
reduction techniques have been studied with respect to their application in
estimating circuit yields. It has been shown that given an approximation of
the region of acceptability with a given accuracy, importance sampling
techniques deteriorate rapidly as the dimensionality of the parsmeter space
increases. However, modest reductions in the variance of the yield estimator
can be obtained with stratified sampling techniques. Also, a practical method
. has been proposed for the implementation of the control variate method. This
method may be the most useful in a general purpose statistical circuit
snalysis program. Finally, a new approach to Monte Carlo based yield
maximization has been investigated. In a variety of passive, active, and
switched-capacitor filter circuits, it has been shown that a quadratic model
can be used to approximate the responses over a parameter grid several
standard deviations in length. Thus, the circuit yield for different design
values can be estimated using correlated sampling and the gquadiautic model.
This method is very efficient if line search techniques are used to find the
maximum yield along & given search direction. Several filter examples show
that the global behavior of the quadratic model is good and that it is very
effective for yield maximization [16.24].




.N
P 108
I
.
£
i
A\
2%
(R1]
3 DI-I
o
N
.- Al
I
A
- [R2]
A -
P.‘ "
-
-,..1
I
5
= (R3]
.
[
Ty
b
L
:_’;f
ey
2o [‘4]
e
X
T
e
i [RS]
“:(
[
= [R6]
A
;
i
~ (R7]
b7
",
J‘.“
. ‘.’l.
e (R8]
.
o)
e
?Y"
‘,
o [R9]
- :_:
.
=
i ‘
o= [R10)
ot
¢st
P
Y. .\.‘
ba"
e
B
4

gy A e i Tt Rl R T A N . . Lt . . < - S .
R Ly e AP AR Lt T e T e el PASRPRT N

16. ANALOG AND DIGITAL CIRCUITS

A. R. Newton, "The simulation of large—scale integrated circuits,” ERL
Memo No. ERL-N18/52. University of California, Berkeley, 1978.

R. Bryant, "MOSSIN: A switch-level simulator for NOS LSI,” Eighteeath
Desisn Antomation Conf., ACN, pp. 786-790, June 1981.

H. N. Nham and A. K. Bose, "A multiple delay simulator for MOS LSI cir-

cuits,” Seventeenth Desiszn Automation Conf.., ACN, pp. 610-617, June
1980. _

S. P, Fan, M. Y. Hsueh, A. R. Newton, and D. O. Pederson, "MOTIS-C: A

new circuit simulator for MOS LS circuits,” IEEE International Symposi-
um on Circujts snd Svstems, pp. 700-703, April 1977.

N. Attaie and E. I. El-Masry, "Optimum realization of switched-

capscitor filters,” Proc. of the 23xd Midwest Symposium on Circmits and
Svstems. pp. 433-438, Toledo, OH, Aug. 1980.

E. I. El-Masry, "State—space switched-capacitor filter structures.,”

Proc. of the Fourteenth Asilomar Conf. on Circuits, Svstems and Comput-
exs, Pacific Grove, CA, November 1980.

E. I. El-Masry, "Design of switched-capacitor filters in the biquadrat-

ic state-space form,” Proc. of the 1981 IEEE ISCAS. pp. 179-182, April
1981.

E. I. El-Masry., "Strays-insensitive state—space switched-capacitor

filters,” submitted to the IEEE Irans. on Circuits and Svatems (Revised
April 21, 1982).

E. I. El-Masry, "Strays—insensitive active switched-capacitor biquad.,”
Elestronics Letters, vol. 16, no. 12, pp. 480-481, June 1980.

N. Attaie and E. I. El-Masry, "Synthesis of switched-capacitor (filters
in the multiple—inmput follow-the-leader feedback topology.” Proc. of
m m m MI Qicl.b. IL. PP 175-118) ADtil 19810

rram——

Ll




16. ANALOG AND DIGITAL CIRCUITS 109

[R11] N. Attaie and E. I. El-Masry, "Multiple-loop feedback switched-

Ol
’

g

L5

............
.........

capacitor structures,” submitted to the IEEE Trans. op Circuits apd
Systemps (Revised June 9, 1982).

M. 8. Lee, G. C. Temes, C. Chang and M. B. Ghaderi, "Bilin.eu'-

switched-capacitor ladder filters,” JEEE Traps. on Circuits snd Sys-
tems. vol. CAS-28, pp. 811-821, Aug. 1981,

| WRAT R T SRR S WP

O |

LN

s AT W I

..'x'x._ } o

v

'L




110

17. DECISION AND CONTROL

Faculty
T. Basar P. V. Kokotovic P. W. Sauer
J. B, Cruz, Jz. D. P. Looze N. Vax

¥. R. Perkins

Sraduate Students
R. Amir M. Gollakota P. F. Parent
J. Benhabib P. Ioannou ' G. Peponides
D. Cangever B. Krogh V. Saksena
Y. M. Chan D. K. Lindner H. Salkhi
J. C. Darragh R. MNoEwen H. Tharp
J. S. Freudenberg R. Milito ‘T, Wen
D. Gahutu : P. Vest

17.1 Contzol and Decision Strategies for Systems under Imperfect Information®

Uncertainties arise because of unknown system parameters, unknown signal
environments, and hardware tolerances. Related vomplexities arise i
situations involving multiple system performance oriteria and multiple
decision makers. The objective of this project is to gain a bdasic
understanding of the beshavior and control of complex systems. Duriag the past
year, attention has been given to several topics. Highlights are summarized
in the following.

An important issue in the design and analysis of control and estimation

¢ This work was supported by the Joint Services Electronics Program (U.S.
Army, U.S. Navy, and U.S8. Air Force) under coatract N00014-79-C-0424.
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systems is the maintenance of system performance in the presence of the
inevitable differences between the design model and the true physical system
(see [17.14] for s review of robustness and semsitivity results for nonlinear
systems). We have addressed this issue using three distinct approaches.

The first approach continues our work on th; analysis of feedback
properties using measures of gains of various loop transfer functions. For
linear systems, useful measures of gain are the singular values of the
transfer function matrix. One drawback to singular value analysis is that the
singular values must be evaluated at the true plant (as opposed to the mominal
design wmodel) to provide a valid indication of certain feedback properties.
To circumvent this difficulty, the singular value sensitivity function was
developed in [17.56,17.16] as an analysis tool which complements the singular
value analysis.

The second approach to robustness problems in estimation and coatrol uses
s wsinimax formulation. The basic idea 1is to model plant uncertainty by
assuming that the true plant is known only to be am element of & given set.
The ost;lntor or control system design is then chosen to minimize the worst
case performsnce. Minimax problems of this type wers solved for linear
estimation (17.32] and control [17.64,17.29,17.65] problems for stochastic
systems with white noise processes whose spectral densities are uncertain, anmd
for scalar measurement noncsusal linear estimation problems with mnoise
processes whose second order statistics are uncertain [17.54,17.15].

The final approach to robustness problems assumes that the plant is one
of a finite number of given models. A cost functional is defined for each
model, and the controller structure is fized. The controller parameters are
chosen to minimize a weighted sum of the objective functionals. Although this
procedure is not novel, previous solution aslgorithms have required that an
initial stabilizing vaslue for the controller parameters be available. In
[17.26], a three level optimization algorithm was developed which eliminstes
this problem.

In -the ares of fundamental system theory basic to control strategy
development, "strange attractors” have been investigated. Currently theres
seems t0 be no unanimity about the definitions of the terms “strange
attractors” or of ‘"chaotic behavior” as applied to the solutions of

deterministic differential equations, Perhaps this lack of agreement arises
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because there are important differences in the behavior of solstioas which
superficially appear to be similar. Ve have done s number of calculatioss to
test this possibility; we have computed solutions of a variety of differeatial
equations which exhibit “chaos”, including (a) the Lorenz system (R1], (b)
Veda'’s variant of the forced Duffing equation [R2], and (o) several differest
examples of an autonomous nonlinear feedback system, one such being the systea
proposed and studied by sfn:rov [R3]. Next we intend to study the systea
recently investigated by Orszag and NocLaughlin [R4]; we think their example
will be particularly useful as they have computed the long-term correlatioas
for their solutionms.

We have found it useful, in coipsriu the solutions of these different
systems, to employ the Lorenz mapping ([R1], that is to plot the next
succeeding local maximum versus the immediately preceding local maximum of any
component of the (vector) solution. (Ome obtasias, for the Lorenz systea
itself, a sharply cusped inverted "vee”.) Ve have found that some of the
solutions exhibited the “vee” and others did not. One would expect that
purely random behavior of a solution would yield scatter in the plot, and not
s well defined curve.

In nonlinesr systems, the tracking or synchronization of s nonlinear
feedback system to multiple quasi-periodic inputs has been obtained using both
averaging and perturbatioa methods., One is able to compute the tracking
range, at least approxzimately, in this fashion. These results will be
compared with computer gemerated numerical solutions. Finally, s new proof
for the existence of periodic solutions of the generalized Liénard equation
has been found,

Major progress also has been made in coatrol of singularly perturbed
systems. A composite slow-fast coantrol is designed in two stages to guarantee
stability and near—optimality of monlinear deterministic systems. This result
has been generalized to a class of stochastic coatrol problems.

17.2 Implemsatation Constrained Decomposition sad Hierazehical Control®

In large-scale systems, control tasks may be decomposed and hierarchical

*This work was supported by the Joint Services Electromics Program (U.S.
Army, U.8. Navy, U.8, Air Force) under coatract NO0014-79-C-0424.
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levels may be imposed on the basis of analytically derived strategies. This
ii project is devoted to the fundamental problem of investigating an analytical
- framevork for 1nco:potatin; realistic comstraints of a computer network.
Ei : Questions conceraing information flow, time scales, and loss of feedback loops
) are examined in coordimating th‘ multiple comtrollers in a network.
l!! A decomposition methodology was developed in [17.28]) which sllows the
: struoture and local convergence properties of iterative hierarchical 1
£ slgorithms to be nnalyzod.. This methodology was applied in [17.27] to analyze !
N decompositions of weakly coupled systems, and in [17.66] to study the effects

f. of problem simplification omn the convergence properties of hierarchical

1
fJ
4
[

slgorithms. The results on weakly coupled hierarchical algorithms were used
to analyze the convergence of several solution algorithms for the extended
algebraic Ricatti equation [17.67].

Another srea of investigation concerns Stackelberg games and inceamtive
'E; design. Stackelberg games constitute an important class of multi-person
multi-criteria decision problems wherein there is & hierarchy in decision
Ei making, some players being in a position to announce their policies ahead of
i time and enforce them on the remaining players. When the underlying decision

A process is dynamic such game problems become mathematically challemging, since
ﬁ"' the standard available techniques and approaches of optimization and optimal
" coattol theory are not directly applicsbdle. This part of the project is
B directed towards developing indirect approaches and a general theory for the

ke d BRI

5 solution of such decisioa problems. During this reporting period we have made
i& important advances ia this ares, which are summarized in the sequel.
R" Our first set of results is comcerned with thi derivation of bounds on
t: the performance of the lesder (decision maker at the top of the hierarchy) in
“: deterministic discrete and time dynmamic games with two [17.7] or more [17.8]
levels of bhierarchy; and these bounds have been shown to be tight in many
instances [17.6,17.7,17.2]. Derivation of such bounds have also been extended 3
-, to continuous—time dynamic games for the case when the leader has access to
fii ssmpled state information [17.44].
Our second set of results is concernmed with the derivation of policies
i (control 1laws) for the leader that achieve these bounds. Ia this regard, s
set of very appealing affine policies has been obtained, and their existence
has been established for a rather general class of such dyssmic games (17.41].

-
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114 17. DECISION AND CONTROL

In a more recent work [17.52], we have investigated the relationship bdetween
such decision problems and incentive design problems that arise in ecomomics,
and have also introduced a new conmcept, viz. 1least senmsitive (robust)
incentive policies in problems with parametric uncertainties. i

Yot another set of results obtained in the scope of this project imvolves
stochastic Stackelberg games and stochastic incenmtive design problems. 1In
[17.5]) we have obtained the complete solutiom of s ‘class of continsous—time
stochastic Stackelberg differeatial games by solving s stochastic comtrol
problem of s monstaadard type. In [17.48) we have studied the derivation of
optimal incentive schemes in two—-agent stochastic decision problems with a
hierarchicsl decision structure, in a general Hilbert sps&o setting, with the
underlying information pattern allowing the leader to acquire both common and
private iaformation. In this set—up, we have shown that, uander some fairly
mild conditions, there exists an optimal incentive policy for the leader,
which is affine in the dynamic information and generally mnomlinear in the
static (common and private) informationm.

As a part of this project, we have slso investigated the applicability of

the feedback Stackelberg solution comcept (developed primarily for discrete-
time problems) im continuous—-time Stackelberg differeantial games, and have
reported some preliminary results ian [17.51). DJore exteasive results
regarding this problem will be reported in the next period.

17.3 Control Stxategies for Complex Svstems for Use ia Asrospase Avioaiss®

Vhenever model uncertainty is preseamt or s raage of operatiag ocoaditioas

Hi is anticipated, engineering anaslysis and desiga must deal with questioas of
?T sensitivity. Performances of manufactured composents are necessarily
E%ﬁ specified with nonmzero tolerances. The parameter values which characterize
gf these components are therefore uncertain. These parameter values may change
ad during the operating 1lifetimes of the compomeants due to agiag and due to
;3 changes in eavirommental conditioas, such as pressure aad temperature. In

:$? sddition, mathematical models used for analysis and design of actual systems

cannot possidbly lead to predicted performance which exactly matches the
performance of the actual systems, ‘It is useful to regard some of the

¢ This work was supported by the U.S. Air Force under grant AFOSR-78-3633.
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parameters of the models as umcertain in order to make these models more

realistic. The combined effects of parameter uancertaint’~ on overall system
behavior are of principal comsideration in any systea desi;a.
Our objective here has been to advance the ocurreat state of knovledge

uader both cooperative and mnomcooperative solutiom ocomcepts. In [17.2],
F several mew results have been reported oconceraing stochastic team problems
N with general partislly nested information patteras aad 2also the Nash

Ly equilibrium solutioas of stochastic smomzsero—sum dysamic gasmes vwith gquasi-
r‘ classical iaformatioa gpstteras. Recexntly, we have developed an equilibriua

theory for a more gemeral class of multi-persoa multi-ecriteris stockastic
F decision problems whereiz the decision mikers have differeat ssbjective

e probability measures oa the umcertain quantities [17.47], i.e., for prodlems
L whichk do mnot admit s common uaderlying probability space. For such decision
problems, we have introduced the oconcepts of 1locally sad globally stable
£ equilibrium solutions, and have studied the existence snd uaigqueasss of such
_ oquiu&u under certaia cosditions oan the loss functiomals and the subjective
h probability meassures. Certaia expliocit results aad asslytic solsutioans have
8ls0 been obtained and reported ia [17.47].
o On another topic, aa impertamt outgrowth of the singular perturbdation
t methodology has been the asalysis of aedaptive systems with reduced order
models [17.58,17.19,17.18,17.36,17.20, aad ethers]. The error ia model order
g . is due to the presence of fast uamedeled parsmeters. A "dominaat richness”
~ condition has been introduced uader which adaptive ideatities and observers
E can be made robust with respect to parsmetrics. To extead this methodology to
, ) the case of feedback adaptive comtrol the robustaess of DRyperstability
{: properties has been amalyzed.
= Finally, as an application of chaimed aggregation, a study of “"near”
g uvaobservability has been made ([17.70]. This ocomcept has been developed
p geometrically in terms of the canonical angles between an observable subspace

me s e M W e e e e i e Wi L e

- L and an A-invariant subspace V. The role of eigenvalue separation in this
{3 problem has been clarified, leading to a contact with singular perturbation

theory.
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17.4 Laxse Scale Svatems*®

Ve highlight two classes of recent sscomplishments on games. One class
of results pertaians to the well-pesedasss of singularly perturbed games
[17.34). For practical ressoas it is desirable to employ reduced order models
for the determiastion of game strategies. Ve have demonstrated that the
astural siagular perturbation approash leads to ill-posed solutions bdut we
also demonstrated how to obtaia well-posed reduced order models. The key to
the successful developmest of such reduced order models is the preservation of
the information struoture. |

A second class of our results we wish to highlight is the wuse of
incentives to achieve global team optimality for the leader [17.37,17.2].
Basically, the ides is for the leader to apply a strategy which isduces the
followers to optimize the leader’s objective while optimizing their own.

Another significant accomplishment is the two time scale methodology
(17.22,17.59,17.69,17.55] for modeliag of large scale dynamic networks such as
power tystons and Markov chliis. A fundameatal relatiomship between weak
coupling  and time scales has Deen revealed and used for systematic
determination of coherent areas as local fast subsystems and their interactive
core, as the slow aggregate subsystem. This type of modeling naturally leads
to a scheme for fast decentralized and slow coordinated comtrol, which has
been developed for Markov chains and queueing networks.

Finally, a detailed geometric analysis of chained aggregation has bdeen
made ([17.25]. This has led to a genmeral versioa of three-coatrol-component
design, s hierarchical coatrol strategy for large scale systems. This
approach exploits the g§ prjori information structurimg preseat in the systeam
and system output measurements. Comnections with reduced order modeling,
o:poclally the role of residual feedback, have been examined.

® This work was supported by the National Science Foundation under graat
BC8 79-19396.
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17.5 Power Svstem Normal aad Security Stste Assessment®

Results have been obtained in the two areas of voltage ocollapse and
5 maximum system 1loadability. As & variable allocation problem, voltage
E“ collapse has been found to be directly related to generator excitation and
' ) transformer tap limits. The mnormal ocontrol algorithm for dispatching
!! transformer taps during comtingencies can result in extreme demands for
. reactive power from sources with finite reserves. Alternstive approaches to
Fi voltage control are currently being considered to minimize the possibility of
' voltage collapse.
Direct transient stability methods are being integrated with conventional
maximum system loadability methods to replace exhaustive time domain
simulations. The “first cut” fast transieamt stability oslculation was

developed to allow the dynamic comstraint to be enforced in the contingency

} :h‘ l.l

[

evaluations required for the maximum 1loadability calculation. The method

[Ty
SR

employs an approximate Potential Energy Boundary Surface (PEBS) approach
together with linear load flow algorithms.

-
X

17.6 Power System Reduced Order Modelimsz®

et

The traditional models used to analyze large scale power systems comtain
many inconsistencies resulting from bheuristic order reduction and model

simplification., Several of these models have been successfully derived from a
singular perturbation approach while others have been shown to be void of
mathematical justification. In es)h case, improved models can be obtained
through higher order corrections to the singularly perturbed model. Vork is '
&? continuing to develop a consistent set of reduced oxder models for all of the

Y

components and intercomnections in a large scale power systea.

]
A ® This work was supported by industrial fuanding through the University of
i Illinois Power Affiliates Program 81-82.
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This research project spans the areas of multisemsor array processing,

Gl
fardans

linear space varying processing, and nonlinear processing using order

[

= statistics. In array processing we have developed a unified treatment of
g spotlight mode syathetic aperture radar (SAR) snd computer—sided tomography
(CAT). Ve have shown that Fourier domain reconmstruction, based om the

Vala

projection—-slice theorem from CAT, is slso the underlying primciple in
spotlight mode SAR. In particular, the sigual rxecorded at each SAR
transmission poiat is approximately the Fourier transform of a ceatral
projection of the imaged ground area. A number of important issuwes iamvolving
resolution, sampling rates, waveform curvature, the Doppler effect, and motion

compensation have been examined within the context of this new SAR
interpretation. In addition, we have modified the convolution-back-projection
slgorithm from CAT, and applied it to the SAR prodlem. Preliminary
indications are that this algorithm provides higher resolution than current

g T ‘

C e eg

® This woa. 7as supported by the Joint Services Electronics Program (U.S.
Army, U.8. Navy, U.8. Air Force) under contract N0O014-79-C-0424.
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dealiandond

methods of SAR processing.

i,

VWork is also underway on tho subject of digital beamforming for sonmar. 4
In a practical situation, the number of sonar semsors may be restricted by
economic or physical constraints. This difficulty can be partially overcome
by nusing signal extrapolation. We have applied a bandlimited extrapolation
algorithm to this problem and charscterized its performance both analytically

and through computer simulation., For a sinusoidal signal it is possible to
extrapolate to two or three times the length of the physical array. The beam ]
i performance is thus enhanced and is compatible with that obtained using many 3
'! mOTe SENnsOrs. p
' In the area of linear space varying processing we have derived the

PerEs

minimum permissible sampling rate for the digital implementatioan of an amalog
a8 shift variant system. The necessary rate is easily computed from parameters

Aade i 2

of the Dbi-frequency map of the desired analog response. Potential
applications include digital restoration of images degraded by 1linmear
spatially varying operations.

We have made further progress in the area of nomlinear processing using

Abad

order statistics. A generalized median filter has been studied whose output
is 8 weighted sum of the input order statistics. Am explicit formula has been
derived for the optimal weight values in the order statistic filter (OSF),

assuming white background noise. VWe have filtered several images plus mnoise

£ A

with a 1linear averager, s median filter, and the optimal OSF for a constant s

ﬁj background. We found that the OSF provides a compromise between the smoothing

gj properties of the linear filter and the edge sharpness offered by a median i
G; filter. Further generalizations of the median filter are curreatly being )
= investigated. i
tf . N
& 18.2 Support-Limited Siznsl snd Image Extrapolation® g
n"‘ 3
He ‘One of the most important and difficult questions in signal and image

T? processing is: How can we reconstruct signals and images from incomplete data 1
Zf (observations)? Ve have embarked on a basic research project to study a |
:j particular problem im this area, that of support—limited extrapolation. Ia !
e

&3

o8 ® This work was supported by the Joint Services Electronics Program (U.S.

o Army, U.8. Navy, U.S. Air Force) uander coatract N0O0014-79-C-0424.
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the one—dimensional form, the problem is the following: Givem the Fourier
transform F(u) of a function £(t) in a finite interval, determine f(t) under
the assumption that f(t) is of compact support. In the mid and 1late 1970's
two efficient algorithms (Gerchberg—Papoulis, Cadzow-Sabri-Steemart) were
proposed, which looked very promising. However, up to now no successful
applications of these algorithms to real-world problems. have been made. We
think the reasons are twofold.

(1) No one has studied the effects of discretization of these algorithms.

(2) No one has modified these algorithms or come up with new algorithms which

take account of the noise in the observed data in an effective way.

¥We have been concentrating our effort on these two aspects. Some preliminary
results have already been obtained. In particular, we have generalized
Cadzow’s algorithm, and shown that the solutions from the discrete algorithm
converge to the solution from the continuous algorithm under certain rather

weak conditions.

18.3 Low-Noise mml Filter Structures®

Error spectrum shaping (ESS) is a technique that uses quantizer feedback
to reduce roundoff mnoise and 1limit cycle amplitudes in digital filters.
Nearly all past work om ESS has dealt with second-order filters. Iam our
recent work we have shown how to choose the ESS coefficients optimally for
high order filters composed of cascaded second-order sections. We have
compared the noise gains of optimal and suboptimal ESS structures, and the
section—-optimal structure derived using the Mullis and Roberts state-—space
approach; the ESS structures performed well in comparison. Im additiom, a
heuristic strategy for ordering the second-order sections has beea developed
based on the ideas underlying ESS. This strategy further reduces roundoff

noise, especially for elliptic filters.

We have also applied ESS, in a much different role, for the design of
short wordlength FIR filters. Instead of rounding infinite precisiom filter
coefficients, we have used an ESS quantizer to distribute the error due to

This work was supported by the Joint Services Electronios Program (U.S.
Army, U.S. Navy, U.S. Air Force) under Grant N00014-79-C-0424.
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zrounding nonuniformly throughout the frequemcy band. As an example, for cases
in which the stopband response must be very 1low, the ESS techanique can
effectively place into the passband nearly all of the error due to coefficiemt
rounding. We are presently concentrating on several factors involved in the
design of the ESS feedback filter. .

18.4 Design of IIR Digital Filters Using Multiple Criteriop Optimization®

We are conducting an investigation of the applicability of the concepts
and algorithms of multiple criterion optimization (MOO) to the problem of
optimally trading off magnitude and phase response in IIR digital filter
design. Particular attention is being paid to the formulation of the
simultaneous magnitude and phase design problem. Results to date are
extremely encouraging. As compared with an elliptic design, the MCO approach
can produce filters having magnitude responses that are virtually as good and

phase responses that are much more linear.

18.5 Nusber Theoretic Concepts for the Realization of Failure
Resistant Signal Processors ip VLSI Circuit Technologv*®

This research involves the study of number theoretic comcepts which can
improve speed, reduce hardware complexity, and provide self-checking
performance in specialized digital processors such as digital filters or FFT
processors. In particular, residue number system (RNS) concepts appear to
provide many features that are required to integrate custom designed functions
in VLSI circuits [R1,18.15,18.16].

Three significant results have been obtained that alleviate some of the
practical difficulties in using RNS arithmetic im VLSI procossorsi

(1) the design of a high speed pipe—lined RNS error checker resulted from a
mathematical study of the error location algorithm [R1],

® This work was supported by the National Science Foundation under Granmt
ECS 80-07075.

®¢ This work was supported by the Nations1l Science Foundation under Grant
ENG~-79-01686 .
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(2) a new error location algorithm based on the concept of expanded
h projection was derived [R2], and

L Y WO W Y

(3) an architecture for a standard computational element was developed for
E‘f_ the VLSI realization of digital processors designed with modular
- arithmetic [R3]. )

PO K]

Also, BRNS product codes have been studied to determine if they offer more

Aim

desirable properties for VLSI realization. A hardware architecture for an

dmd T

error checker based on an RNS pioduct code has boen designed [18.15]. Further
studies will reveal how the special features of a product code can improve

»

VLSI architectures for fault tolerant performance. '?

k
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19. CLIMATE AND CROP STUDIES*

Facultv and Senior Staff

Paul Handler

Sraduste Students

M. Welcome ‘ David Lalar

An ongoing study is continuing to relate climate anomalies in one part of
the world at a prior time to crop growing conditions in other regioms of the
world at some later times. A number of interesting climate—crop patterns have
been found which have a high probability of repeating themselves every 3-7
years. _ ~

The <climate—crop patterns can also be used as a means of crop
forecasting. Various types of time series analysis have been developed for
recognition of these climate—crop patterns. Some of the crop time series
contain data starting inm 1866. A paper describing the relationship of crops
in Australia and Indonesia to oclimate anomalies in the eastern tropical
Pacific Ocean has been submitted for publication.

® This work was supported by the United States Department of Agriculture
under grant AGR SEA 58-519B-0884.
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